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Abstract
Electrical sparks produced from aluminium conductor clashing were claimed to be one of 
the possible ignition sources of bushfires. The thesis studied the electrical sparks, spark 
removal, sparking directions, conductor clashing, conductor damage after clashes and 
analysis of fire ignition probability. The spark removal was found to be in relation to the 
heat accumulating on the aluminium electrodes tips and there was a current threshold for 
a given gap distance between the two electrodes. Spark ejection was found in the directions 
bounded by a cone-shape dominantly in line with the arc movement direction under self 
magnetic force. The ejected aluminium particles were small, with a few large ones sized 
up to 2 mm in diameter. Some particles were elongated when ejecting with high initial 
velocity from conductor clashing with high current. The post-clashing conductor checking 
revealed that small damage marks could be found on the conductors after clashes with no 
incandescent particles ejected. The fault current in the clashing investigation was up to 
6000 A peak value and as many as 150 incandescent aluminium particles were ejected in 
one clash. The analysis of fire ignition, based on the knowledge from this thesis and 
previous researchers’ fuel ignition test results, showed that, under extremely dangerous 
conditions, a conductor clash with incandescent aluminium particles being ejected had 
ignition probabilities of 25.4% for Pine Needles, 7.8% for Blackbutt and 3.6% for Bluegum.
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Chapter 1 
Introduction
1.1 Electrical sparks
Sparking is a natural phenomenon. Sparks can be seen when two hard objects are colliding 
violently. Our ancestors made two stones collide to produce sparks and light fires which 
changed the life of mankind. People use sparks in everyday life, such as in a cigarette or 
gas stove lighter. Some of the sparks are useless, such as those produced in sharpening a 
knife with a fast-spinning emery wheel.
Electrical sparks are incandescent particles ejected from intense arcing electrodes. Instead 
of high-speed collision, a high voltage across the two electrodes separated by a short space 
is required to produce the electrical sparks. Mechanical energy is transferred into thermal 
energy in collision while electrical energy is converted into thermal energy in arcing. 
Although the causes of the sparking are different, the products, ie the sparks, are similar. 
Sparks have the following three basic characteristics:
• Sparks are particles measured in the order of a few millimetres and less;
• Sparks are incandescent, which implies a high temperature;
• Sparks eject with initial velocities.
In this thesis, an electrical spark is a particle, or a droplet, with a certain size, temperature 
and initial velocity expelled from an electrode. In other words, an electrical spark contains 
energy. The value ranges of the three basic parameters are relevant to the electrode material. 
Electrical sparks can be seen in welding, interruption of loaded circuit breakers/isolators 
and conductor clashing.
-  1 -
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1.2 A possible ignition source of bushfires
Almost every summer, Australians suffer from the effects of bushfires which cause great 
damage. In 1983, for example, Victoria and South Australia experienced one of the most 
severe bushfire seasons of the century (Luke el 1986 [18]). Severe drought extended 
throughout the area and the rainfall deficiency for the 10 months from April 1982 until 
January 1983 was the greatest on record. The bushfire started in early November 1982 
and lasted till March 1983. On Ash Wednesday, 16 February 1983, bushfires burnt out 
more than 335,000 ha of pastoral and forest land in South Australia and Victoria. 
Seventy-three people died directly from the fires and several thousand were treated for 
injuries. More than 2000 houses were lost, over 270,000 stock were destroyed, and 20,000 
km of fencing and 1.5 million bales of fodder were burnt. In South Australia, around 
21,000 ha of plantations were burnt, being around 25% of the net area planted with conifers 
in that State. The total monetary value of the damage probably exceeded $450 million.
In January 1994, the bushfires in New South Wales, which were reported as the most severe 
in Australia during the last 150 years, killed people and damaged property again.
In the study of bushfires, fire behaviour is commonly described as the manner in which 
fuel ignites, flame develops and fire spreads and exhibits other phenomena. In practice 
the matter of most significance to the practitioner is ignition probability, rate of fire 
build-up, rate of spread, flame height, fire intensity and spotting potential. Weather 
conditions and fuel availability are two major factors of potential fire risk.
Fire ignition, which has various causes, is the first stage of bushfire disaster. Electrical 
sparks are claimed to be one of the possible ignition sources of bushfires. The data base 
of the State Electricity Commission of Victoria (SECV) recorded 1,842 occurrences of 
bushfires electrically ignited (either claimed or confirmed) by SECV power systems during 
the ten-year period from 1980 to 1990 (SECV 1990 [2]). About a quarter of those bushfires 
were caused by conductor clashing, as detailed in Chapter 2.
If there happened to be electrical transmission lines near the bushfire site, sometimes claims 
were made, even without solid evidence that the causes were the questionable electrical 
sparks produced by conductor clashing. Due to the nature of the problem, whether or not 
a bushfire is ignited by the sparks is extremely difficult to determine. It is recognized that 
the sparks produced by conductor clashing cannot be ruled out as a possible ignition source 
of bushfires, though the chance is very low. Often court cases were reported in which the
Electrical Sparks Produced From Aluminium Conductor Clashing
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plaintiff sued the power supply authority over an ambiguous cause of a particular bushfire. 
Under conditions lacking solid evidence, cases have usually been settled in favour of the 
plaintiff.
Therefore it is desirable to look at the sparking mechanism and the fire ignition probability. 
If the fire ignition probability is extremely low, most wrongful accusation of ignition 
causation by conductor clashing can be challenged. If the risk is high, then methods of 
avoiding some dangerous conductor clashing in particular circumstances may be worth 
considering.
1.3 Study of electrical sparks
Difficulties have been encountered in the study of electrical sparks produced from 
conductor clashing, which has been studied sporadically for almost 20 years. Because of 
physical size and the high power involved, conductor clashing tests in real situations are 
not easily conducted. Measurements of the tiny, highly mobile and chemically active 
aluminium particles need suitable advanced technologies.
In this thesis, the whole procedure for research purposes is broken down into a series of 
discrete experiments. These reduced-size simulation tests include conductor clashing, 
droplet ejection, droplet collection, and fuel ignition. In cases where some parameters are 
hard to measure and some procedures are unknown, special alternative tests are designed 
and assumptions based on relevant theories are used. Due to the randomness of the sparking 
and heterogeneity of the fuel, statistical methods are always involved.
It is understandable that the experimental methods need to be studied and carefully 
designed. The more suitable the test methods and the theoretical assumptions, the more 
accurate are the total ignition probability predictions which are calculated on the bases of 
all stage results. The sparking mechanism, which is important to establish an adequate 
model for assessing the ignition probability, is of interest to the author.
By linking the study of electrical sparks produced from aluminium conductor clashing, 
together with the study of fuel ignition which is not the scope of this investigation, the fire 
ignition risk can be assessed.
1.4 The arrangement of this thesis
The objective of this research is to study the electrical sparks and to investigate the fire 
ignition risk due to aluminium conductor clashing. The sparking mechanism, droplet
Electrical Sparks Produced From Aluminium Conductor Clashing
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ejection trajectory and droplet size distributions are presented in detail. Ignition probability
is calculated in conjunction with the results of this investigation and other researchers.
The thesis is organized in the following manner:
• Chapter 1 offers a brief introduction on the nature of electrical sparks and their 
possible effects on bushfire generation. A general idea of study methods to be used 
is given as well.
• Chapter 2 reviews the background of the research done into the electrical sparks 
produced from conductor clashing. Relevant fuel ignition research information is 
included.
• Chapter 3 presents a simple simulation model to study the relationship between the 
amount of expelled electrode material and the electrical conditions. This model uses 
two aluminium electrodes separated end-to-end by a small gap. It simulates an instant 
of conductor clashing with the arc restrained in a fixed gap.
• A theoretical calculation of electrode material removal is made in Chapter 4. The 
calculation, using the Chapter 3’s simulation model and its results as comparison, 
gives an insight into the sparking mechanism.
• The arc motion between a pair of parallel aluminium bars with a fixed separation is 
studied in Chapter 5. Attention is paid to the particle ejection directions influenced 
by the self-magnetic forces. Chapters 3, 4 and 5 are to study the panicle ejection 
mechanism.
• In Chapter 6, the aluminium conductor clashing is simulated in a real but reduced 
physical scale. Particle trajectories and particle size distributions are analysed and 
considered the closest to the real situations.
• The study of the fire ignition probability caused by aluminium conductor clashing 
is carried out in Chapter 7. It is based on the understanding of the sparking mechanism, 
particle size and temperature, in conjunction with ignition probability of different 
fuels, together with weather conditions and electrical transmission line structures.
• Conclusions are drawn in the last chapter. Discussions on remaining problems and 
possible research directions are presented.
• References and an Appendix are attached to provide more detailed information 
supporting arguments in the body of the study.
Electrical Sparks Produced From Aluminium Conductor Clashing
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2.1 Initiative of the study
Electrical sparks have become one of the major practical problems for Australian electrical 
power systems, especially for those in South Australia, Victoria and New South Wales 
where bushfire occurrences are high. The emission of incandescent particles following 
electrical faults, such as conductor clashing, the operation of expulsion fuses, conductor 
being struck by trees, is one of a number of possible sources of bushfires in Australia.
C a u se O c c u r r e n c e P e r c e n ta g e
C o n d u c to r  c la sh in g 439 23.78
Conductor striking ground 267 14.46
Conductor striking object 90 4 .80
Conductor struck by object 147 7 .96
Circuit to circuit contact 19 1.03
Fuse operation - ED O 80 4.33
Fuse failure - powder filled 40 2.17
Surge diverter 112 6.07
Bird/animal 226 12.24
P ole fire 97 5.25
Crossarm fire 155 8 .40
Earthing 8 0.43
Other (specify) 150 8.13
Unknown 12 0.65
Total 1842 100%
Table 2.1 Electrical causes of bushfires in Victoria (1980-1990) (SECV1990, [2])
Electrical Sparks Produced From Aluminium Conductor Clashing
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Table 2.1 shows the statistical record of electrical causes of bushfires in the state of Victoria, 
Australia during a ten year period (SECV 1990, [2]). Conductor clashing appeared to have 
the highest occurrence, almost a quarter, among the electrical causes of bushfires. More 
and more court cases were presented and the power authorities felt the need for 
investigations into the controversial issue.
One of the earliest available documents is the report from SECV in 1977 [1] which 
investigated whether the bushfire of 12 February 1977 in Victoria was caused by the 
particles ejected from clashing aluminium conductors. Although some attempts may have 
been made at an earlier date, no papers in this area were publicly available.
Difficulties have been encountered during the study in this area in general. Direct 
simulation of the field conditions was not convenient because of the physical size of the 
test facilities required. The whole clashing-sparking-ignition procedure could be broken 
down into three major aspects listed below and detailed through Section 2.2 to Section 
2.4:
(1) Particle: particle size, shape, expel amount, temperature and different metals 
comparison;
(2) Trajectory: initial speed, direction and travel distance of the particles, temperature 
history and life time of the particles;
(3) Fuel: fuel classification, ignition probability.
2.2 Droplet study
2.2.1 Fire risk comparison of metal materials
A comparison of four metals frequently used in electrical power distribution systems was 
made by Stokes [26]. Incandescent emissions by high-current arcing with the currents 
ranging from 1 A to 20,000 A and arc durations from 10 seconds to 50 milliseconds were 
observed by eye, by video recording and by still and movie photography. The results are 
listed below:
• Aluminium (melting point 660°C) produced much brighter images than copper or brass
and gave definite evidence of its chemical activity;
• Steel (melting point 1535°C) produced very intense sparks and was the only metal, 
among those tested, which directly ignited ground papers laid to identify the location 
of major emissions;
Electrical Sparks Produced From Aluminium Conductor Clashing
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• Copper (melting point 1083°C) electrodes produced a much less spectacular display;
• Brass (melting point 930°C approximately) emissions were by far the fewest of any of
those recorded.
Electrode erosion for steel and copper was approximately one half of that recorded for 
aluminium, and for brass was approximately one quarter of that for aluminium. In 
qualitative terms, the observers of these tests gave, in descending order of fire ignition 
tendency, the ranking: steel, aluminium, copper and brass. Steel and aluminium, as 
concluded by Stokes, were considered a severe risk.
2.2.2 Particle size distribution
The size distribution of aluminium and aluminium oxide particles retrieved from conductor 
clashing tests done by SECV in 1977 [1] is shown in table 2.2. In total, 41 tests were 
carried out in 8 groups done under the combinations of different voltages (240 and 415 
volts), currents (100,300 and 500 amperes) and conductor approach speeds. The particles 
ejected from an aluminium conductor clash were mostly smaller than 1 mm diameter, with 
a few as large as 2.5 mm, as reported by SECV.
P article  s ize  (m m ) N u m b er P ercen tage
< 0 .2 5 4 7 5 5 4 0 .7
0.25  - 0 .50 5 3 2 5 4 5 .6
0 .5 0 - 0 .7 5 1 0 2 9 8 .8
0 .7 5 - 1 .0 0 3 0 3 2 .6
1 .0 0 -1 .2 5 1 5 8 1 .4
1.25 - 1.50 5 5 0 .5
1 .5 0 -  1.75 2 8 0 .2
> 1.75 3 5 0 .3
T ota l 1 1 6 8 8 100%
Table 2.2 Aluminium particle size distribution: number o f particles in a particular size 
range and percentage o f the total number o f particles in that range (SECV 1977, [1])
2.2.3 Aluminium particle shape and composition
The morphology and composition of aluminium particles were also studied by SECV in 
1977 [1], but no definite conclusion has been established.
Oxidised spherical particles of aluminium were the predominant product from the low 
voltage/low current clashing. A number of large particles were found in spheres with oxide 
"skirts". Contiguous spheres and elongated metallic particles were observed as well.
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Chemical analysis showed that significant proportions of oxide had formed on most 
particles. The measured proportion of aluminium as oxide varied up to 30%. Others 
occupying only tiny proportions were iron, copper and zinc. The density of typical collected 
particles was 2300 kg/m3, compared to pure aluminium’s 2700 kg/m3.
2.2.4 Initial particle droplet temperature
The initial aluminium particle temperature was reported around 1570°C±56°C (SECV 
1977, [1]). The temperatures were measured using both Land and Leeds & Northrup 
disappearing-filament optical pyrometers while the conductors were energised to 415 V 
with a fault current of 500 A.
2.3 The temperature-history and trajectory of aluminium particles
Because it was not convenient to measure the temperature-history and trajectory of the 
aluminium particles in flight, a couple of mathematical models were proposed to be of 
assistance. Different assumptions were made in these models by SECV [1] and Mills [20], 
however a spherical shape of the particles was assumed by both to simplify the calculations.
2.3.1 Particle trajectory
Where a bushfire started is likely to be identified on site. Therefore, the understanding of 
how far particles can travel may be critical in assessing the risk of fires being ignited some 
distance away from clashing conductors.
The trajectory models proposed by SECV [1] and Mills [20] are very similar, except for 
a slight difference in the formula for the drag coefficient. These trajectory models were 
combined with the temperature-history or life-time models as described in Section 2.3.2.
Initial velocities of particles were measured by the SECV. The mean velocity, measured 
10 ms after clashes, was 16 m/s and maximum was 29 m/s.
2.3.2 Temperature-time history, life-time of particles
After emissions, the chemically active aluminium particles were burning whilst in flight. 
The temperature-time history of particles and their life-times are of great interest since 
they indicate the energy carried by particles upon impacting the ground litter.
The SECV’s model [1] assumed that the formation of the aluminium oxide does not alter 
the character of the particles other than to generate heat on formation. The heat gained 
by the particle equals the heat generated within the particle less the heat losses by radiation
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and by convection. The typical results of the calculations showed that, fora 1-mm particle 
with initial temperature of 670°C on leaving the conductor in still air of at 35 °C, a maximum 
temperature of 1600°C was reached and the final aluminium as aluminium oxide content 
was 30% by weight on solidification.
The Mills’ model [20] was proposed in 1984 to calculate combustion rates, life-times, and 
trajectory of electrical sparks. Mass transfer equations were used with the assumption of 
droplet temperature remaining unchanged (at about 2450 K). The typical results showed 
that a particle with initial diameter of 1.5 mm ejected from a cable 10 metres above the 
ground on a median windy day (15 to 20 m/s wind speed with +5° to +7° inclination to 
horizontal) could be burning and lasting in the order of 10 to 20 seconds and could travel 
over 200 meters away to reach the ground before burning up.
2.4 Fuels study
The abundant availability of ground litter serves as a great potential risk of bushfires. Hot 
weather conditions make the ground layer fuel ready for ignition. In the SECV database, 
statistical records have shown that February is the highest fire-risk month in the year, and 
3 pm in the day (SECV 1990, [2]). Whilst wind is a clear factor in the spread of fire, still 
air was found to be more likely to encourage actual ignition (Stokes 1990, [26]). Dryness 
of the fuel is clearly a significant factor leading to high risk, whilst, for a dry fuel, dryness 
in the ambient air was found to have a slight effect [26].
2.4.1 Ignition study
The process of fire ignition, whilst a simple, everyday matter, is far more complex when 
viewed in quantitative terms. To simplify the questions, statistical methods were always 
preferred in the study of fuel ignition.
The ignition of grass and cotton wool by hot aluminium particles was studied by SECV 
in 1977, and the relationship between particle size and required particle temperature for 
ignition was obtained [1]. For example, dry grass was ignited if the temperature of particles 
3 mm in diameter was higher than 1010°C, while cotton wool, 950°C. For 2 millimetres 
in diameter, dry grass was ignited when temperature was higher than 1250°C, while cotton 
wool, 1280°C.
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Fire ignition by copper particles of controlled size was studied by Stokes in 1989 [27]. 
The probability of fire ignition has been explored and a zero probability found for copper 
droplets emitted at temperatures in the order of 1100°C, falling distances of less than 200 
mm onto barley grass bed and breaking into fragments of less than 1 mm diameter.
Fire ignition of several commonly available ground fuels by aluminium particles ejected 
from sparking was carried out by Rowntree [23]. A 2-mm aluminium particle was reported 
to have 19.2% probability to ignite Pine Needles, 11.7% to ignite Blackbutt and 5.2% to 
ignite Bluegum.
2.4.2 Comparison of different fuels
A fire ignition risk comparison of several fuels most often found in Australia was made 
by Stokes [26]. Open fuels with a variability of texture and including some very fine parts, 
such as barley grass, and even hardwood litter, are more easily ignited than fuels of more 
regular texture, such as pine needles that do not include some very fine fractions. The 
results were as follows in descending order of ignition risk:
• Cotton is by far the most readily ignited ground fuel;
• Barley grass is the most readily ignited of the materials that occur naturally in the 
Australian bush;
• Hardwood forest litter is also ignited rather easily;
• Pine needles, appearing to offer too open a structure, are not so easily ignited;
• Compacted fuels are similarly not so easily ignited, probably due to the reduced 
availability of local oxygen.
2.5 Problems with significance for study
Although most aspects of the area have been studied, there is no confidence in predicting 
the ignition probability in particular cases. This is because of the difficult nature of the 
problems. Some rough test conditions may not correctly reflect the real situations; some 
assumptions in calculation models may be far from the truth; some aspects may be touched 
on, but not in depth.
Obviously, the whole project needs to be done step by step. Much of the weight of this 
thesis is on the electrical sparks produced in aluminium conductor clashing tests which 
are very similar to the real situations of 415-V power-distribution systems. Understanding
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the particle ejecting mechanism is another major concern. The paramount aim is of course 
to predict the fire risk. However, what is required is to analyse, utilise and link the 
knowledge we have and to establish a suitable calculation model. Below are the main 
aspects that the study focused on:
1. Particle ejection mechanism: (see Chapters 3, 4 and 5)
(a) the relationship of the droplet ejection and the electrical parameters;
(b) particle initial ejection directions;
2. Aluminium conductor clashing: (see Chapter 6)
(a) size distributions of the particles collected in simulation tests;
(b) particle trajectories and impact distributions on the ground;
(c) particle life-time measurement.
3. The establishment of the general model of fire ignition probability: (see Chapter 7)
(a) sub-models for each broken down stages;
(b) calculation of the fire ignition probability in relation to various distances away 
from the conductor clashing spot in a given day and location.
The general model of fire ignition probability gives a frame structure. To improve the 
accuracy of the prediction, more solid work is required, such as, the ignition probability 
for different fuels in question by particles with their sizes and temperature in suitable range 
and the knowledge of temperature history of particles in flight.
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Chapter 3
Spark Ejection From Electrodes
3.1 Introduction
Electrical sparks produced by aluminium conductor clashes are claimed to be one of the 
possible ignition sources of bushfires in Australia. Quite a lot of research (SECV 1977 
[1], Mills 1984 [20], Stokes 1990 [26], Rowntree 1991 [23]) has been done into this area. 
Due to the difficult nature of the problem, some detailed facts remain uncertain.
There are many factors involved, such as, arc current, approaching and separating speeds 
of conductors during clashing. The arc would also run between the parallel conductors, 
as described in next chapter. Maintaining each clash in exactly the same manner is not 
practical. Therefore to determine which key factors are involved in emitting sparks was 
difficult for real clashing.
This chapter studies spark ejection in relation to the electrical conditions, i.e., arc current 
and arc voltage. A simulation model was used, in which, two aluminium-rod electrodes 
were placed end-to-end with a gap, where arcs were initiated by a fuse wire and restricted. 
The model simulated an instant during a conductor clash. Several combinations of current, 
voltage and arc life time were chosen in tests and calculations. Arc current thresholds 
were found at which electrode material was able to be removed. The relationships between
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the amount of expelled material and the electrical conditions are derived in Section 3.3. 
While a theoretical calculation of electrode material removal is conducted in Chapter 4. 
The results contribute to the understanding of the mechanism of electrical spark ejection.
Aluminium is a material of interest, since it is widely used in electrical distribution systems 
in Australia. Steel is also studied, in Section 3.4, for comparison purposes.
3.2 Test arrangement
The test arrangement is shown in Figure 3.1(c). Two aluminium-rod electrodes of 12 mm 
in diameter were arranged in a line with a gap between them. The two electrode ends 
which faced each other were machined flat before each test. A tinned copper fuse wire of 
0.071 mm in diameter linked the two electrodes to initiate the arc, Figure 3.1(a). Expelled 
material was collected in a cardboard box, shown in Figure 3.1(b), with dimensions of 
400x400x200 mm, which enclosed the electrodes and the gap in tests.
The synthetic test circuit in the high-voltage laboratory of Sydney University Electrical 
Engineering was utilised. High voltages (1 kV to 3 kV) of 50-Hz frequency were supplied 
by a capacitor/inductor series circuit bank of 71 switch selectable values. A circuit breaker 
was used to control the life time of arc current in tests.
The amount of expelled material collected by the cardboard box was weighed by an 
electronic scale. Arc currents and arc voltages were recorded by a digital oscilloscope.
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3.3 Sparks from aluminium electrodes
Electrical sparking from the end-to-end electrodes was observed first. Then the experiment 
was focused on a fixed gap situation. After the key factor relating to the material removal 
for a fixed gap was established, the relationship between the material removal and electrical 
parameters at different gap distances was studied and generalised.
3.3.1 Observation
Initial tests were carried out without the cardboard box covering the gap for the purpose 
of observations. The following events were observed when the circuit was made: 
(Figure 3.2(a))
(1) the fuse wire burnt and broke within about 0.5 ms at a current of 300 A;
(2) sparks were ejected from the electrodes in all directions, burning whilst falling 
to the ground;
(3) white smoke was observed in the air;
(4) some material burnt up in the air;
(5) the remaining reached the ground as droplets;
(6) on the ground, some larger hot particles appeared to continue burning for a 
short time, typically about a few seconds; and lastly,
(7) aluminium particles were covered with a white layer, indicating that they were 
being oxidized while burning (SECV 1977 [1]).
Increasing the arc current from zero to an onset value (about 400 A peak value for 2 mm 
gap) resulted in the expulsion of one hot particle. The First aluminium droplet had a mass 
of typically 3 to 4 milligrams and a diameter of approximately 1.3 to 1.4 millimetres.
When the arc current was further increased, more material was expelled. But the number 
of particles expelled was found to vary. Even under the same test conditions, the number 
of particles expelled varied, sometimes more in number but smaller in size, sometimes 
less in number but larger in size. However, more test results showed that, from a statistical 
point of view, the relationship between the number and the weight of expelled particles 
was approximate linear. For the tests done at high currents, counting the particle numbers 
was difficult but weighing the mass was practically easy. The overall view of aluminium 
droplets ejected from the electrodes over 100 tests is shown in Figure 3.2(b).
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(a) Sparking (b) Droplets
Figure 3.2 Spark ejection from aluminium electrodes
3.3.2 Calculations for a fixed gap
This section is focused on a fixed gap with various of other conditions. Ten groups of 
tests (24 tests/group) were carried out with 2 mm gap between the pair of aluminium rods. 
Eight or sixteen capacitors (Cap) were used in the capacitor bank in order to get different 
attenuation of arc currents. The arc life duration was controlled by opening the circuit 
breaker (c/b). The capacitor bank was charged from 1 kV to 3 kV to deliver a range of 
arc current, or energy, to the electrodes and the gap.
The possible combinations of arc current and arc voltage were computed against the 
expelled mass. All calculations were for the purpose of determining what electrical factor, 
or factors, are involved in emitting the amount of droplets.
3.3.2.1 Total energy dissipated
The total energy dissipated on the electrodes and the gap, Etotal, which equals the integration 
of the product of the arc voltage and the arc current, given by Equation (3.1) was calculated 
and plotted versus the mass of the expelled aluminium material, Figure 3.3 (page 18). The 
graph shows clearly that the expelled aluminium mass is not a linear function of the total 
energy dissipated. The curves in the graph are separated approximately by the amount of 
energy contained in one half cycle.
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(3.1)
F  =^  total
Two of the possible explanations of the above results are:
(1) only the energy at the beginning of arc current, probably 10 or 20 ms, contributed to 
emitting sparks.
(2) the possibility of a current threshold, below which the arc current is insufficient to 
emit sparks.
3.3.2.2 Energy within first half cycle
To assist with choosing between the above two explanations, the energy dissipated in the 
first 10 ms, E10ms, given by Equation (3.2) was calculated and plotted in Figure 3.4 (page 
19). For clarity, the lines of test groups with 20 to 60 ms circuit-breaker interruption are 
not plotted. They lie between the lines for the 10-ms-interruption and the no-interruption 
test groups, mainly closer to the no-interruption lines.
The comparison of Figure 3.4 and Figure 3.3 shows that, E10ms has more meaning than 
Etotai, especially when the expelled material is less than 20 mg. When more material was 
expelled, which meant the arc current increased, E]0ms of longer arc-life-time tests was less 
than that of within shorter arc-life-time tests. This indicates that the energy in subsequent 
half cycles does have an impact upon the amount of expelled material. Moreover, the 
relationship in this graph is not linear.
Nonlinear relationships are also obtained when calculating 2, 3, 4, 5, and 6 half-cycle 
energies. It is concluded that there is no time limitation within which energy is contributed 
to spark ejection.
3.3.23 Peak arc current
Peak arc current versus expelled material mass is plotted in Figure 3.5 (page 20). Firstly, 
it is clear that there is a current threshold. If arc current were less than the current threshold, 
about 400 amperes in the case of 2 mm separation gap, no droplets would be expelled from 
the electrodes.
(3.2)
Electrical Sparks Produced From Aluminium Conductor Clashing
-  1 6 -
Chapter 3 Spark Ejection From Electrodes
Secondly, the two steepest curves on the graph corresponded to the two groups of tests 
with 10-ms-interruption. The longer the arc current lasted, the lower the peak arc current 
was for the same expelled material mass. Peak arc current was always within the first half 
cycle because of the attenuation of arc currents in the tests. These results strengthened the 
point of Section 3.3.2.2 that the energy dissipated in the first half cycle is not the only 
reason involved in emitting the amount of droplets.
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3.3.2.4 Key factor electrically relating to expelled material mass
The above analysis of total energy, energy in first 10 ms (sections 3.3.2.1 and 3.3.2.2) and 
especially the peak arc current (section 3.3.2.3) suggests that there is a current threshold, 
below which the energy is insufficient to eject droplets. Therefore two methods of 
calculation were carried out with the aim of finding a linear relationship between the 
calculation results and the expelled material mass. The current threshold, /rtref, was about 
400 A for the 2 mm gap case, logically in line with the value in Section 3.3.2.3. The 
calculation of the total energy input whenever a current exceeds 400 amperes, E400A+above, 
is given by Equation (3.3) and illustrated in Figure 3.6 (next page), while calculation of 
the energy input contribution of that part of the current which exceeds 400 amperes, Eabove, 
is given by Equation (3.4) and illustrated in Figure 3.7 (next page). For presentation 
purposes, the current signals in both figures have been reversed.
The energy E400A+ahove is not linear with expelled mass and has results with significant 
scatter, as shown in Figure 3.8 (page 24). However the energy E a ^  is much closer to a 
single valued function of the amount of expelled material mass, shown in Figure 3.9 (page 
25).
The calculation of the current integration, or charge, given by Equation (3.5), was 
undertaken by taking arc voltage u out from Equation (3.4) and plotting against expelled 
material mass in Figure 3.10 (page 26). The curves E and are very similar and 
are linear functions of expelled material mass.
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Figure 3.6 Calculation o fE 400A+ahove
Figure 3.7 Calculation o fE ahove
Ô above =  0*1  "  LresW, while | /1 >
Jo
(3.3)
(3.4)
(3.5)
It is concluded at this stage that, for a fixed electrode-gap configuration, the key factor 
which has a linear link to the amount of electrode material removal is E or Qai>ove. The 
subtle difference between curves E ^ ^  and in figures 3.9 and 3.10 is addressed in 
Section 3.3.3 when different separation distances are studied. The theoretical calculation 
of material removal later in Chapter 4 shows it is the current density at the arcing attachment 
area on the tips that contributes to the ablating electrode material.
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3.3.2.5 Discussion
According to the energy conservation law, the total dissipated energy should be equal to 
the sum of: (1) the thermal energy needed to locally heat the aluminium electrodes; (2) 
the energy that the arc column consumed to heat the air around the gap and the ends of the 
two electrodes by convection and radiation; (3) the energy electrically injected into the 
cathode and the anode.
The thermal energy gained by the two electrodes due to current flowing through them 
(Joule heating) is quite low because of low resistance compared with that in the arc column.
The most likely explanation to droplet ejection is that, in each half cycle, the energy 
accumulation rate of the electrode tips being greater than the energy conducted away from 
the tips after the tips being brought up to critical temperature. When the arc current reaches 
the threshold, rates of energy gain and loss on the tips keep a dynamic balance and the 
energy accumulated at the electrodes tips puts the material in a state of readiness to eject. 
If the current is greater than the threshold, the extra energy, Eabove, or 0 ^ ,  makes the tips 
more thermally active and the material being ejected from the boundary of the metal surface. 
This is detailed in Chapter 4.
One thing which should be emphasised is that a portion of material, when vaporised or 
ejected and then burnt up in the air, was not able to be collected during the tests. It is 
assumed that there is a constant ratio of collected material to the material expelled from 
the pair of electrodes.
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3.3.3 Relationship between gap and electrical conditions
This section studies the influence of the gap distance to the current threshold, arc burning 
voltage and electrode material removal. Four more group tests (24 tests/group) with 
different gap separations (from 1 to 15 mm) were carried out. The relationship between 
material removal and electrical parameters at different gap distances is generalised.
3.3.3.1 Gap and arc current threshold
The experiment showed that the larger the gap separation was between the two end-to-end 
electrodes, the harder it was for droplets to be formed or the smaller amount of the electrode 
material would be removed for a given arc current situation. In other words, the current 
threshold for material removal was higher for larger gap. The current threshold versus 
gap separation is plotted in Figure 3.11.
Figure 3.11 Current threshold versus gap
Computed results showed that a second order polynomial fits well to the data to express 
the relationship of i ^ J g ap and this is given in Equation (3.6)
W , = 105.4+ 1 5 4 .M -4 .9 7 d 2 [¿] 0-6)
where d = gap distance [mm], in the range of 1 mm to 15 mm. Tolerances were found 
in tests that the electrode material may or may not be expelled when the current values 
were within a range near the corresponding threshold.
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3.3.3.2 Gap and average arc burning voltage
The arc burning voltage was nearly independent of expelled material mass or arc current 
but was related to the gap separation. The average burning voltages were calculated in 
the time interval form 3 to 7 ms in each 10 ms half-cycle. The recovery and extinction 
voltages at the time near to the current zeros were transition values. Figure 3.12 shows 
the average burning voltage versus the peak current for 1 and 15 mm gaps. Large 
fluctuations are observed. The relationship between burning voltage and gap is shown in 
Figure 3.13. Fora given gap, about 100 half-cycles in 24 tests were taken into calculation. 
The Sample Standard Deviation (SSD) is shown in the figure as well. The large fluctuations 
of burning voltage are natural phenomena (Cobine 1957, [ 11]) of the arc due to the unstable 
state and variation of the arc path.
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Figure 3.12 Burning voltage versus peak arc current
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Figure 3.13 Burning voltage versus gap
3.3.3.3 Expelled mass in relation to electrical factors with different gaps
Calculations of Eabove and Qa^  at four more different gap separations were carried out 
using the same method in Section 3.3.2.4. The results are shown in Figure 3.14 (page 30) 
and Figure 3.15 (page 31), in which neither of these two plots brings the five lines fully 
together. However, the <2aw plot seems reasonable with the order in which lines get 
steeper when gap distance is reduced.
As already shown in Figure 3.11 (page 27), current threshold is higher for a larger gap. 
But less Qabovt is needed for a larger gap to emit the same amount of material, as suggested 
by Figure 3.15 (page 31).
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Figure 3.14 Energy Eabov€ at different gaps versus expelled mass
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Figure 3.15 Charge at different gaps versus expelled mass
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Figure 3.16 i^J^Qabo^ versus expelled mass
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After re-calculation, the expelled material mass M is approximately a linear function of 
the product of and Qow* shown in Figure 3.16 (page 32). By introducing a coefficient 
cm, which is obtained by measuring the slope in Figure 3.16, the total amount of expelled 
aluminium mass can be expressed in Equation (3.7).
M = cm while |/ |  >
(3.7)
where cm = 5.56xl0'4 [mg/A2s],
ithres -  105.4 + 154.2d - 4.91 d2 [A], gap distance d in the range of 1 to 15 mm.
Although this derived formula offers a tentative explanation, Equation (3.7) provides a 
firm measure of predictability of how much material is expelled in given conditions. It 
also provides an experimental basis for further research into the theoretical explanation of 
particle ejection, as described in Chapter 4.
3.4 Sparks from steel electrodes
Steel conductors are not used as frequently as the aluminium conductors. When used, they 
do not clash as easily as aluminium conductors, due to their strong tensioning. The 
investigation of sparks from steel electrodes is for the purpose of comparison.
Two cylindrical steel electrodes of 12-mm diameter were placed, in the same way as shown 
in Figure 3.1, in line with a fixed end-to-end gap. Test results were analyzed by using the 
method in Section 3.3.2.4 and shown in Table 3.1. It was reasonable that the current 
threshold of a steel rod is much higher than that of an aluminium one since steel melting 
temperature is 1535°C, higher than that of aluminium at 660°C.
s te e l a lu m in iu m
gap: 1 mm 1 mm
current threshold: 4 0 0 0  A 250  A
largest droplet 
weight: 343 mg 12 mg
diameter: 4 .38  mm 2.05 mm
Table 3.1 Droplet ejection o f steel compared with aluminium
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Figure 3.17 shows the pair of post-arcing steel electrodes. Unlike aluminium particles 
which were ejected in all directions, the steel electrodes were welded together and formed 
one or several larger droplets which dropped vertically downwards, in addition to the other 
small particles ejected in all directions. This indicates that the gravity force acting on the 
larger steel droplets is much greater than the ejection force. The other feature shown by 
the tests is that the two steel electrodes welded together easily if the gap was less than 
5 mm.
Figure 3.17 Post-arcing steel electrodes
The largest steel droplet obtained was 343 mg. The shape was not spherical because the 
droplet hit upon the steel tray at the bottom of the collecting box. An equivalent diameter 
calculated by using the steel density of 7800 kg/m3 is given in Table 3.1.
The experiment results indicated that steel material is not removed as easily as aluminium 
when the current is not too high. However, when being ejected at high current fault, steel 
droplets present larger sizes than those of aluminium.
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Chapter 4
Calculation of Material Removal
4.1 Introduction
The relationship between the amount of expelled aluminium material and the electrical 
conditions has been described in Chapter 3. How material is expelled during the period 
of arcing and sparking, which lasts as short as several tens of milliseconds after clashing, 
is a matter of interest. Measurement of some parameters, such as the temperature 
distribution in the electrode, is, in practice, difficult.
This chapter discusses a theoretical calculation of the amount of electrode material removed 
by sparking. The calculation is based on and compared with previous experimental results 
in Chapter 3. The data of arc currents, arc voltages and gap distances in Section 3.3 are 
used as input data in the calculation. The calculated mass removal is forced to meet the 
removed material mass in corresponding tests. The calculation itself is a kind of description 
of a physical reaction based on thermal transfer theory. Several uncertain factors, such as 
arc current density, are clarified by searching to meet the input and output data. It is found 
that current density in sheaths (the link layer between the arc column and the electrodes) 
significantly affects rate of heat injection into the electrode tips. The calculated temperature 
distribution in electrodes gives, to some extent, an insight into the sparking mechanism.
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4.2 Basic heat transfer equations
The electrode configuration is shown in Figure 4.1. Two cylindrical aluminium electrodes 
were placed in line horizontally with a fixed gap. A short-life ac arc was initiated by a 
fuse wire. Heat transfer in the aluminium electrode in the tests was unsteady and the 
internal electrode temperature profile varied rapidly within the short arcing time. Heat 
from the arc column acted like a pulse-source which inputs to the electrode. The 
temperature of the electrode tip increased sharply and then dropped.
Figure 4.1 Configuration o f electrodes and gap in calculation
The equation governing heat transfer in cylindrical aluminium electrodes (White 1988, 
[32]) is,
l d _ '  
rdr
, d T '' a
+ 3z
d r '
k
V 3z +y2p' =pc' ï
(4.1)
where T is the temperature and J  is the current density. Material parameters are the thermal 
conductivity k, mass density p, constant pressure specific heat Cp and resistivity pr. The 
two dimension parameters are the horizontal electrode length z and the electrode radius r.
The temperature distribution within the electrode body was calculated using an explicit 
finite-difference method (White 1988, [32]). To improve accuracy, an implicit 
finite-difference method involving iterative computation (White 1988, [32]) was used on 
the boundary surface of the tip facing the arc. There is a high thermal energy input from 
the arc to the electrode through the tip surface.
4.3 Boundary conditions
Besides the heat conduction within the body of the electrodes, heat was exchanged between 
the aluminium electrodes and the surrounding air. There were three kinds of boundaries 
on the surface of the cylindrical electrodes. For either one of the electrodes, one tip faced 
and received heat from the arc and therefore became very hot. The other end (non-arcing
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end) was at the room temperature since heat was not able to be transferred to it. The third 
kind was the rounded electrode surface, at which heat was lost like the non-arcing tip but 
temperature, varying with the distance away from the arcing tip, may be higher than room 
temperature.
4.3.1 On arcing tip
Heat flow to the anode electrode tip occurs in three ways:
(1) electron contraction, in which the electrons with high temperature and high electrical 
potential transfer to the surface of the anode tip;
(2) heat conduction, in which heat is conducted through the thin sheath between the arc 
column and the part of the anode tip attached to the arc;
(3) heat convection from the hot arc column gas to the tip.
Electron contraction is the dominant source of energy to the anode electrode tip. The 
expression for heat transfer on the anode boundary is given (Lancaster 1986, [17]) in 
Equation 4.2,
E = i * + 2
5 KT
+ E.gas’
(4.2)
5 KT .where (p is the work function (4.2 V for aluminium), is electron thermal energy brought
to the anode (about 2.5 V if one assumes the electron temperature in the arc is around 
10,000 K), and Egas is the heat conducted from the hot gas (again assumed 10,000 K) 
through a sheath between plasma and the tip. The thickness of the sheath taken from 
reference (Dinulescu el 1980, [12]) is about 0.2 mm.
The assumption of an constant Egas overestimates slightly the heat conduction from arc 
column to the anode tip. The investigation of arc movement described in Chapter 5 
suggested that the brightness of the arcs varied with the ac arc current. So the arc column 
temperature was not constant. Compared with the total heat transferred to the electrode 
tip, the heat conducted from the hot gas was less then 5% of the total energy. The heat 
convection rate through air is small and has been ignored. The negligible heat convection 
balances the overestimate of heat conduction slightly. Radiation loss from both the anode 
and cathode is ignored as the melting point of aluminium is low (660°C).
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On the cathode tip, the energy gain is approximated employing Equation 4.3 (Zhu el 1992, 
[35]),
Ec = i(ccuc-d?) + Egas (4.3)
where iuc is the energy input to the cathode region. The fraction cc heats the tip and draws 
the electrons out. Although cc is estimated to be in the range of 50% to 95%, there is still 
uncertainty in determining the portion related to this heating.
To simplify the calculation, the relationship between the anode material removal and the 
cathode or total material removal is studied experimentally in Section 4.4. Therefore only 
the anode is calculated in Section 4.5.
4.3.2 Other electrode surfaces
On the rounded electrode surface and at the non-arcing tip (cold tip) of the electrode, heat 
was convected freely to the surrounding air (in r and z directions). The heat convection 
is governed by, (White 1988, [32])
P— = hV-T, ) (4 -4 >
where h is air overall-transfer coefficient, T0 is room temperature determined by 
measurement in experiments.
4.4 Anode material removal in relation to others
The mechanisms of energy transfer into the anode and the cathode are different. The pair 
of electrodes are to be anode and cathode alternatively due to the 50-Hz ac supply in the 
tests. The knowing of the material removal difference between the cathode and the anode 
is desired for the purpose of simplifying the calculation, ie., calculating the anode only.
To distinguish the difference, tests with half-cycle current life were carried out. The test 
set-up was the same as shown in Figure 4.1 with a gap distance d = 0.5 mm. The result is 
shown in Figure 4.2. From a statistical point of view, material expelled from the cathode 
(Mc) is about 1.5 times of that from the anode (Ma).
The spread of the data shown in Figure 4.2 is due to the variable nature of arcs. The amount 
of material expelled from a tip was related to which part of the tip the arc attached to. Less 
mass was expelled when the arc was concentrated on the tip centre since heat conduction 
was greater to the adjacent material. At the edge of the electrode tip, heat convected to 
the surrounding air was much less compared to the heat conduction in the aluminium.
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Peak arc current [A]
Figure 4 2  Relationship o f material removal from the anode and the cathode
The relationship between the different parts of removed material mass was obtained 
statistically from the tests and is tabulated in Table 4.1. The total material removal (M ^ )  
equals to the sum of material removed from the anode (Ma) and the cathode (A/c). The 
collected material (McolUct) equals the total material removal less the material lost (M ^)  
due to part of the material was burnt up.
M' Me M  tout M  eoiud M u»*
M a as base 1 1.5 2.5 1.8 0.7
M lola, as base 40% 60% 1 72% 28%
Table 4.1 Relationship between different parts o f material removal 
4.5 Calculation method
The calculation uses the experimental setup in Chapter 3 as a model and is carried out on 
the anode only.
4.5.1 Basic parameters
For the purpose of comparison, the calculation is based on the experimental arrangement 
in Figure 3.1, and shown diagrammatically in Figure 4.1. Two aluminium cylindrical 
electrodes of 12 mm diameter and 400 mm length were placed in a horizontal line with an
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end-to-end gap between them. The power supply was 50 Hz ac and the room temperature 
was about 20°C. Thermal parameters of aluminium, k and p Cp, are functions of temperature 
T and taken from [31] and [32].
4.5.2 Arcing centre
To simplify calculations, arc current was assumed to flow through the middle of the 
electrode tip and gradually becoming uniform across the electrode body. Therefore it 
becomes a two dimensional (r, z) problem, as shown diagrammatically in Figure 4.1. The 
temperature distribution is symmetrical about the z-axis. The assumption of arcing at the 
centre of the tip would underestimate the mass removal.
4.5.3 Criterion of material emission
The aluminium material of electrode tips has three states during the transition period of 
arcing, as follows.
(1) solid state, with temperature from room temperature up to the melting point of 
aluminium,
(2) fusing state, at the melting temperature of aluminium,
(3) liquid state, at a temperature greater than the melting point of aluminium.
Material emission from an electrode is a complicated process. Observations of the post-test 
electrode showed some material had solidified and remained on the tip. It is assumed that 
all the liquid aluminium in item (3) is considered to be expelled.
4.5.5 Calculation procedures
The calculation here is to explain the sparking mechanism in terms of heat transfer theory. 
If the sparking procedure was treated as a black-box, the input data (arc current and 
electrode-gap configuration) and the output data (mass expelled) are known from 
experiment in Section 3.3. Preliminary calculations showed that the current density is the 
most sensitive factor altering the amount of expelled mass. Generally, higher arc currents 
result in higher current densities and larger arcing attachment areas on the tip. Therefore 
the current density J in the arc attachment, expressed in Equation 4.5, is a function of arc 
current i and the gap distance d.
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J =f(d,i)  (4.5)
=  Cj(d)i‘'
To obtain the coefficient c„ focus was made on a given gap distance d so that c/d), 
coefficient of current density relating to d, is a constant. The procedure is (ref. Appendix 
B),
(1) assign a value to c, (0<c,<l),
(2) search for a suitable constant value of c/d),  corresponding to the threshold current 
at which electrode material is in the state of just about to be able to expel,
(3) increase arc current and get a curve of arc current versus expelled material mass,
(4) compare the calculated curve in (3) with the experimental one in Section 3.3, repeat 
the procedure again with varying value of c, until the procedures match the 
experiment.
For c, = 1, J  is a linear function of current /, the expelled mass will increase too much 
compared with the increase of current. For c, = 0, J  is a constant, the change of arc current 
causes little change of the expelled mass. The procedure is repeated with a value between 
0 and 1 until the calculation result matches the experimental one. After c, is determined, 
c/d)  is calculated for different gap distances at the corresponding current threshold. 
Therefore Equation 4.5 is determined.
4.6 Results and discussion
The calculation analysis indicates that the arc current density plays a key role in heating 
up the electrode tips. The arc attachment area can be derived from the calculated current 
density. The calculation reveals the temperature distribution on the arcing tips.
4.6.1 Arc current density
The most important factor which affects the electrode material emission is the arc current 
density. In the calculation, a small change of arc current density produces a large change 
in the rate of heat flow from arc column to the electrode tip. In such a short period of 
arcing and sparking, heat flow rate plays an important role of heat accumulation and 
temperature rising in the electrode tips. Aluminium has a high thermal conductivity so 
that the energy in the electrode is rapidly conducted throughout the electrode body. The 
temperature distribution near the tip varies greatly and only a small quantity of tip material
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is hotter than the melting point and is considered to be removed in the calculation. The 
longer the arc length (gap distance), the lower the arc current density, the higher the 
threshold current above which material began to be expelled. After the calculation, the 
current density J in relation to gap distance d and current i was obtained, as shown in 
Figure 4.3 and expressed in Equation 4.6.
J = c.i015 (4-6)
Figure 4.3 Current density on anode
The calculated current density coefficient c/d) was in the order of 106 [A0 85/m2].
The arcing attachment area can be derived from the arc current density. The calculated 
radius of effective arcing attachment area in relation to current and gap distance is shown 
in Figure 4.4, in which the current thresholds corresponding to given gaps are indicated 
by solid dots.
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Figure 4.4 Size o f calculated effective arcing attachment
4.6.2 Temperature distribution on the arcing tips
The internal electrode temperature distribution is the key factor in explaining how material 
is expelled. A comparison is made in Figure 4.5 and Figure 4.6 for two different gap 
distances at their corresponding threshold currents. In both cases, the middle part of the 
electrode tip is in molten state (660°C) and ready to eject. When the gap is smaller, the 
electron contraction area at the tip is smaller and the current density is higher. Heat 
transferred to the electrode is more concentrated to produce a sharp temperature gradient. 
When the gap is large, the temperature gradient is low and more material is in a state which 
can be expelled. As mentioned in Section 4.5.2, the temperature distribution is assumed 
to be symmetrical around the z-axis. In Figure 4.5 and Figure 4.6, the horizontal axis is 
z-axis along the length of the electrode and the vertical axis is r-axis along the radius of 
the electrode starting from the tip centre.
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hor: z [mm] 
ver: r [mm] 
Tin C
Figure 45  Calculated temperature distribution in electrode 9 ms after arcing for the 
test with 2 mm gap and 400 A peak current
hor: z [mm] 
ver: r [mm] 
Tin  r
Figure 4.6 Calculated temperature distribution in electrode 9 ms after arcing for the 
test with 15 mm gap and 1300 A peak current
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Figure 4.7 shows the comparison of the calculation and the test results of collected material 
mass from sparking in Section 3.3. The calculation result is in agreement with the 
experimental result, which indicated the relationship between the expelled material mass 
and the electrical parameters as being governed by Equation (3.7) (page 33).
Figure 4.7 Comparison of calculation with experiment of collected material mass 
4.6.3 Arcing marks on the electrode tips
The photos of post-arcing aluminium electrodes in Figure 4.8 show arcing marks left on 
the tips. The analysis in Section 4.6.2 indicates that the arcing attachments covered more 
area than the damaged tip area where temperature was brought up and above the melting 
point. However, arcing with a larger gap and higher current leaves a larger mark is the 
trend.
The measured areas of arcing marks on the anode tips in figures 4.8(a) and 4.8(b) are 2 
mm2 and 16 mm2 respectively. The calculated areas on the anode tips where material were 
considered ejected are in the same orders but slightly larger. The difference is due to the 
assumption in the calculation that arcing centre was in the middle of the tips.
It is observed that the ratio of (mark area)/(mark depth) is lower for the test with small 
gap. This approves the analysis in Section 4.6.2 that the temperature gradient on the tip 
for the small gap case.
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(a) Cathode (left) and anode (right) after 10 ms arcing (ipeak-450A, gap-1mm)
(b) Cathode (left) and anode (right) after 10 ms arcing (ipeak=1300A, gap=2mm) 
Figure 4.8 Marks left on post-arcing aluminium electrodes
The photos shows more material was ejected from the cathode than that from the anode. 
This is in line with the result in Section 4.4, where statistical analysis showed that 50% of 
more material was removed from the cathode comparing with the anode.
Experiments showed that the edge of the electrode tip was more vulnerable. Arcs were 
more likely striking on the edge instead of centre.
4.6.4 Discussions
The Equation (3.7) (on page 33) in Chapter 3 generalised only quantitatively the 
relationship between the expelled mass and the arc currents. There is not a simple function 
that could describe the relationship, as concluded from the calculation in this chapter.
Several phenomena were present during the analysis. The current threshold in the second 
and afterwards half-cycle was lower than that in the first half-cycle. At the beginning of 
the second half-cycle arcing period, part of heat was remained in the body of the electrode.
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Comparing with the heat conducting in the aluminium body, the joule heating in the body 
and the heat convecting from the electrode surface to the surroundings were very slow. In 
such a short period of arcing, only small part of electrode tip was experienced the sharp 
change of temperature.
The calculation was based on the dynamic heat transfer theory. The complicated ejecting 
force and the surface tension of the molten aluminium were not addressed.
Some errors were introduced by assumptions and simplifications. For example, material 
removal may be underestimated by the assumption of arcing at the centre of the tip.
However, the theoretical calculation reveals the basic dynamic heat transfer situation on 
the electrode tip. The calculated internal electrode temperature distribution gives an insight 
into the sparking mechanism. The arc current density in sheaths was found to significantly 
affect the rate of heat flow into the electrode tip. The arc is more concentrated for a small 
arcing gap. It is the heat accumulation that is responsible to the amount of material removal.
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Chapter 5
Arc Motion and Electrical Sparking 
Directions
5.1 Introduction
For an understanding of the particle ejection mechanism, this chapter studies when 
sparking takes place and how arc motions affect spark-ejection directions.
In a conductor clash, the arc is established once the two parallel conductors are separated. 
Then the separation is increased. It is difficult to know the arc motion in relation to the 
conductor separation if the separation keeps changing rapidly.
Therefore, the study of simulating an instance of aluminium conductor clashing, by 
arranging a certain gap between two parallel electrodes, was carried out. The purpose of 
the tests was to observe how the arc moved under the self-magnetic forces and how fast 
the arc moved in relation to the arc current and the inter-electrode spacing. More attentions 
were paid to the sparking directions.
Arc motion between parallel electrodes in transverse magnetic fields has been the subject 
of a number of studies. Guile [15] and Yasko [34] developed arc velocity formula by 
correlating abundant experimental data before 1970. However, later results (Guile 1974 
[16], Cheng el 1982 [9]) showed that under some special conditions, the arc velocities 
deviated significantly from Guile’s formula.
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The arc speed was quite complicated in relation to the arc current, inter-electrode spacing, 
magnetic flux density, electrode material, surface conditions, gas pressure in the gap, etc. 
In this chapter, the focus was on simple and practical conditions: polished aluminium 
electrodes in open air at atmospheric pressure and self-magnetic field.
5.2 Test arrangement
The test arrangement is shown in Figure 5.1(a) (top view). Two flat aluminium bars of 
rectangular cross-section were arranged horizontally in parallel with a gap between them 
in open air. A tin fuse wire of 0.071 mm diameter linked the two bars at one end where 
50 Hz ac power was supplied. When voltage was applied, the fuse wire was broken 
immediately and the arc was initiated.
50 Hz Supply aluminium electrodes
1 1
fuse A rc
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1 i7 1
-----------
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Figure 5.1 (a) Arc motion measuring test arrangement 
(b) Arc motion measuring device
The arc motion measuring device, shown diagrammatically in Figure 5.1(b), was designed 
and built to monitor and measure the arc motion. This device was put under the two test 
bars. Thirty one holes were drilled with diode detectors put at the bottom of each hole. 
The distance between every two adjacent holes was 30 mm. When the bright arc passed 
right above a hole, the diode beneath the hole would produce a signal which was sent to 
an oscilloscope.
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Two parameters were controlled —  current and gap. The magnetic flux was generated 
by the arc current and its distribution was determined by the gap distance.
5.3 Arc motion
5.3.1 Signals from the measuring device
When established between two parallel electrodes, the arc moved in the gap in the direction 
from the power supply end to the other end, due to the self-magnetic forces. The start 
location of the arc was at the fuse, which was arranged right above the first hole (position 0).
Typical signals from the arc motion measuring device are shown in Figure 5.2. Each of 
the signals, which represented the brightness of the arc at corresponding positions, had a 
big sharp jump and many little jumps. The little jumps were noise signals, which were 
picked up from other signal leads, since all leads were bound together with a common 
shield. The big sharp jump indicated the time the arc passed over the position where the 
signal came from. The sharpness of the jump was determined by the dimensions of the 
light passages, ie, the holes. In the tests, each hole was identical and measured 100 mm 
in depth and 2 mm in diameter. This gave a time resolution in the order of 10 microseconds. 
If the arc moved very slowly, or the arc was weak, the signals would rise gradually. Low 
arc current generated small magnetic forces. The arc would not move, or move very slowly, 
and occasionally did not reach the second hole (position 1). When the arc current was 
increased to a certain level, the arc moved a certain distance and then stopped.
Figure 5 2  Typical signals from the arc motion measuring device
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High arc currents generated large self-magnetic forces. The arc moved rapidly to the end 
of the device. Sometimes the arc would stay at the end of the bars for a short time.
5.3.2 Arc motion
The typical arc motion, measured by the arc motion measuring device, is shown in 
Figure 5.3. The arc accelerated from being stationary at the very beginning to a relatively 
stable speed when arc current was at its peak value. Then the arc speed slowed down to 
near zero at current zero. These motions were repeated at the second and further half-cycle 
of arc current. In the figure, the straight lines linking the points one by one have been 
added. The details, especially at the beginning of arc and at the current zero, were 
unavailable since the resolution of distance was only 30 mm. They could be expected to 
change more smoothly. Under the same conditions, the arc motions were the same. 
Figure 5.4 shows nine tests with good repeatability.
Figure 5.3 Typical arc motion
During the tests, mainly two parameters affected arc motion— current and gap. A 
comparison of the arc speeds at different arc currents with a 1 mm gap is given in Figure 5.5. 
The higher the current, the faster the arc. Figure 5.6 shows that at the same arc current 
level, the bigger the gap, the slower the arc, with a very weak relationship.
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Figure 5 5  Arc motions with 1 mm gap at different current levels
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Figure 5.6 Arc motions at the same current level with different gap spacing
5.3.3 Arc motion analysis
In past decades, the motion of magnetically driven arcs has been the subject of considerable 
investigation, with much experimental data correlated. The formula for arc velocity in air 
developed by Guile (1968 [15]) is expressed in Equation 5.1, with a scatter of about 50%.
V 4.6 B 0 .6 - 0.4 , - 0 .4 - 0.5* d  P„ ,
where Vuc = the arc velocity, [m/s],
B = magnetic flux density, [T], 
i = arc current, [A], 
d = inter-electrode distance, [m],
pfl = (density of gas at given pressure)/(density of air at 1 atm).
(5.1)
Yasko (1969 [34]) also generalised the velocity equation. Later results showed that, under 
some special conditions, the arc velocities deviated significantly from Guile’s 
formula [16] [9].
Here, pa = 1 in open air, and B = cBi was proportional to the current at a known gap, 
since there was no externally applied magnetic field. Different gaps caused different flux
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distributions, which could be denoted by a coefficient, or average magnetic flux density 
per Ampere, cB(d). Therefore, the arc speed (peak value), could be expressed simply 
in terms of peak arc current, j, and the gap distance, d, as Equation 5.2.
v — f{ i , d). (52)
The rest of this Section is to generalise this expression by calculating the magnetic flux 
distributions in the gap and by correlating the test data.
The magnetic field was determined by the cross-section of the conductor bars and their 
separation, shown in Figure 5.7. The arc current i was assumed to flow uniformly through 
the bar cross-section A. The magnetic flux density generated by a current element, which 
has an area of AA and locates / distance away can be expressed as AB = ¿J/A). The
total magnetic flux density B at the position x was obtained by integrating the effect of 
each current element in the cross-section of each bar. The left bar was chosen first and 
divided into three areas according to their shapes. The current in the other bar flowed in 
the opposite direction and strengthened the flux in the way that the relative distance was 
d-x instead of x. The magnetic flux distribution coefficient in the gap, cB(djc), (the 
magnetic flux density generated by per ampere, B(x)H), was then determined.
1 2 3 gap bar cross-section
Figure 5.7 Electrode cross-section and the distributions o f magnetic flux density in the
gap
The magnetic flux density B’ generated by the left bar at the position x consists of B
B B ’3, corresponding to area 1,2 and 3 respectively. For area 1, the left-side half-circle 
with radius R,
Mo„i' f* -, V(ß2- r 2)"''»-«sxi»2/. ” dr, (53)(x+R +L + r)
where A = kR 2 + 2RL is the total area of the left bar cross-section, and |io is permeability 
of vacuum. For area 2, the rectangle of area 2RL,
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Mo i
B \ (x )  = ( ^ ) ( T ) 2 {(L +R  +;c)tan-1
R
2n A
R
log 1 +
cL + R + x ) 
( L + R + x ) 2
-  (R +;c)tan-1
R (5A)
R ‘ ~ 2 i0g
1 +
(R + x )  
(R + x ) 2
R ‘ }•
For area 3, the right-side half-circle,
f *  -i V(tf2- r 2)x /Mox/i’  - 1  y R —r 
Ä *W - ( S X Ä ) 2 J.  tan
(5J)
(x + R  -  r )
By substituting *with d-x, the B"  generated by the right bar at the same position in the 
gap, B '\ ,  B ”2, B " 3 were obtained. The sum of these six parts is the total flux density B 
at position x. Therefore, cB(djc) can be expressed as
cB(d,x) =  [ B \ ( x ) + B \ ( x ) + B \ ( x ) + B ' \ ( x ) + B ' \ ( x ) + B ' \ ( x ) ]  U  
How 2 %rf *  V ( « 2- r 2)tan
+ (L + R + x ) tan-l
(*+ /?  -hL + r) 
R
dr
+ |  J 1 +
( L + R + x )  
( L + R + x ) 2
- (R  +x)tan-1 R
L
R 2
R V(/?2- r 2)
R .  , t
( R + x )
(R + x f  
R 2
tan dr
f - * B =
(x + R  - r )
V(K2- r 2)
(d — x +  R +  L +  r)
dr
+ (L + R  + d - x )  tan-1
R
( L + R + d - x )
-  (R +  d -Jt)tan-1 R
( R + d - x )
+ |  J 1 + 0L + R + d - x Ÿ
R ‘
R .  ^  1
" 2 l0^ 1 +
(,R + d - x f  
R l
L* V(/?2- r 2)tan —-------------( d - x  + R  - r ) dr}.
(4.6)
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Figure 5.8 shows the computed results of cB(dpc) distributed on the horizontal plane around 
the centreline of the gaps. The average of cB(dpc), denoted as cB(d), which is used in the 
calculations of correlating the test data, is computed and shown in Figure 5.9.
Figure 5.8 Magnetic flux density distributions in gaps
Figure 5.9 Average coefficient cB(d) versus gap
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Following Guile’s method of analysis, the arc-moving velocity V„c in relation to the gap 
distance d, current i and flux density B was found, approximately, V ^dli = kx(HBd)~l. 
Therefore, = kjB, or V„c -  kjCBi since B = cBi. Figure 5.10 shows the relationship 
between V,arc and cBi. Although the curve can be approximated by a linear line, the best 
way to Fit the test data within a certain range is a second order polynomial as follows. 
Random speeds were observed when flux densities were low, say less than 0.04 Wblm2.
= -1 8 +  1538B -2 4 8 f l2[mAs]. <5-6)
250
200
'c/T
E,
o 150re
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c B(d) i [W b/m  2 ]
Figure 5.10 Arc velocity versus current and gap
An attempt to find Va„sxdCxiCl was made and the resultant constants were approximately
Ci = 0.2 and c2 = 0.9. This is in agreement with Sunabe’s [30] derivation, which gave 
v<*daib, where c2 was a value from 0.5 to 1.5. For low-velocity arc column motion, the 
viscous drag of the air is proportional to the velocity, and c2 will be large, up to 1.5. 
However, for high-velocity arc motion the corresponding viscous resistance increases as 
the square of the velocity in usual situations and the value of c2 is small. For the present 
investigation, ac current peak values range from 500 to 6000 A and inter-electrode spacing
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from 1 to 9 mm, giving c2 = 0.9 to 1. The surface conditions of electrodes, which would 
affect the arc speed (Cheng 1986 [10]), were maintained the same by polishing before each 
test
5.4 Spark ejection
5.4.1 Sparking in relation to arc current and gap
Sparking, as being observed during the tests, occurred while the arc stayed rooted at one 
place. The position at which sparking occurred related to the arc current and the gap.
The arcing and sparking situations changed as described below when arc current was 
increased gradually from zero to high values:
(1) Arc stationary and no sparking;
(2) Arc stationary and sparking;
(3) Sparking while arc stationary, after having moved a certain distance;
(4) Arc moved rapidly along the length of the test bars without sparking.
When the gap between the two parallel bars was increased, it became harder and harder 
to produce sparks, until no sparks were obtained at all.
Four test groups of different gaps are itemised below. The arc current windows (first 
half-cycle peak current) within which sparking took place are indicated. Up to 6 kA peak 
current was used in the tests.
(1) 1 mm gap, sparking over current range from 500 to 3500 A peak value;
(2) 2 mm gap, sparking over current range from 800 to 2800 A peak value;
(3) 6 mm gap, sparking over current range from 1300 to 2000 A peak value;
(4) 9 mm gap, no sparking at all.
The high side value of current windows was in relation to the length of test bars. The bar 
length in the experiment was 1 metre. Longer bars would allow more time for arc current 
to decay since current in each test was attenuated and some of the sparking took place in 
second or further half-cycle. Therefore higher arc current could be expected to generate 
sparking for longer bars.
The phenomena described in this section indicated where and when sparking took place. 
Sparking occurred at the place where the arc rooted and the energy could be accumulated 
sufficiently. The time that the arc stopped moving and stayed at a spot and the sparking 
took place was when the arc current was in a certain range value for a given gap distance.
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In other words, for a given gap distance, no sparking took place either if the current was 
too low, so that the energy accumulation was insufficient at the rooted arcing spot, or if 
the current was too high, so that the arc continued to move very rapidly.
5.4.2 Particle ejection directions in relation to arc motion
The tests showed that, in most cases, the aluminium particles were ejected in the directions 
bounded by a circular cone shape, shown in Figure 5.11, a photo taken from a typical 
sparking test. In that typical test, the arc, being initiated from the left end of bars, ran 
towards the right, and stopped running in the middle of bars where it stayed and ablated 
material (sparking). In some tests, the particles were ejected in the directions bounded by 
a invert-cone shape, which a small portion of particles was ejected relatively slowly towards 
the left but most of particles ejected predominantly rightwards.
A question was raised that why the particle ejecting directions were dominantly towards 
one side (to the right in the tests), as shown in the photo, instead of distributed evenly in 
all (global) directions.
The dominant direction of particle ejecting was in line with the arc running direction. It 
was observed that, very likely, two forces were acting on a particle during the period of 
the particle’s leaving the surface of the electrode body. One was the gas pressure force 
generated by heat absorption and vaporisation. The other was magnetic force.
Figure 5.11 Typical sparking
The explanation for the mechanism of the magnetic force effect is that, before leaving the 
body of the electrode bar, each particle had the arc current flowing through it while under
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the influence of the magnetic flux. Therefore, a magnetic force, the same as that which 
drives the arc motion, was generated, acting upon the leaving particle, as shown 
diagrammatically in Figure 5.12.
i—> current t=> electrode bar
arc ^ —-—> force
-, ^  J
O
'0® jj|| ®
®  ®  ®  
®  ®  ®  
B
Figure 5.12 Magnetic force contributes to the particle ejection direction
The average magnetic force, F, which acts upon the particle, can be expressed in 
Equation 5.7,
F  = B x idl,
(5.7)
where, B is the flux density generated by the current flowing in the two electrode bars, i 
is the portion of current flowing through the particle and / is the particle length along the 
current direction.
The higher the arc current, the higher the flux density, giving a much higher magnetic 
force. Also, the higher the arc current, the more energy absorbed by the electrode material.
The initial velocity of a particle leaving the electrode was the vector resultant of the two 
velocities resulting from acceleration by the two forces before the particle left the electrode. 
The average velocity due to the metal vaporisation pointed in all directions, while the 
average velocity due to the magnetic force was coincident with the arc motion direction 
only. That was why particles were ejected in cone-shape directions, if former velocity 
was lower, or in inverted cone-shape directions if the latter velocity was lower.
In real conductor clashing, the sparking directions were similar but the spot where particles 
were ejected was at the first place of clashing. A typical clashing scenario is shown in 
Figure 5.13, in which, there are four photos taken sequentially with 20 ms interval. Because 
the gap between the two parallel aluminium conductors was increasing from zero to large, 
the energy accumulation was sufficient to ablate material when the gap was very small. 
While particles were ejecting from the clashing spot, the arc was continuing and moving 
under the magnetic force.
Electrical Sparks Produced From Aluminium Conductor Clashing
- 6 0 -
Chapter 5 Arc Motion and Electrical Sparking Directions
Figure 5.13 Sparking directions of aluminium conductor clashing (with the power 
supplied from the right side), photos taken sequentially with 20 ms interval.
5.5 Discussions
The study in this chapter showed that the speeds of ac arcs moving along two parallel 
aluminium bars in open air were related to the arc current and the gap distance. Figure 5.14 
shows computation results from Equation 5.6. Changes of arc current magnitude affected 
the arc speeds more than changes of gap distances. For arc currents as low as 1000 A, the 
arc moved quite slowly and ran a short distance. Large spread of arc speeds could be 
observed in tests in this low current region. Arc speeds could change rapidly either from 
low to high or from high to low while the instantaneous current varied in a sine wave, as
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can be seen in Figure 5.3 (page 51). The highest arc speeds were achieved while arc 
currents were at their peak. The measured highest arc speed in the tests was 220 m/s. 
Particle ejection directions were affected by the magnetic forces, which were the same as 
that driving the arc movement. The results were that: particles were ejected in the directions 
bounded by a cone or inverted cone shape.
0 1000 2000 3000 4000 5000 6000
peak arc current [A]
Figure 5.14 Arc speed in relation to current and gap
If a further dedicated test arrangement could be set up with much smaller gap between the 
two conductor bars, it can be expected that lower arc current is needed to run the arc.
The result of this Chapter can be linked with the particle trajectory study (Chapter 6). By 
taking into account the dimensions of transmission line structure and climatic conditions, 
an area on the ground under a transmission line where the electrical sparks will drop can 
be indicated (as described in Chapter 7).
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Chapter 6
Aluminium Conductor Clashing
6.1 Introduction
This chapter describes an attempt at aluminium-conductor-clashing simulation. A 
conductor-clashing test rig was designed with two conductors suspended and controlled 
to clash. All phenomena were expected to simulate real conductor clashing in 415-V power 
distribution systems. The emphases here, as listed below, are different from those of SECV 
[ 1 ].
• Panicle size distribution analyses are carried out, in which the percentages of weights 
in each panicle size range are measured. In previous studies, including the SECV 
1977 study, the percentage of particle numbers was measured.
• Droplet flight-paths, whose patterns, distances and directions are traced with a video 
camera, are compared with theoretical calculations. In previous studies, theoretical 
calculations were made of the distance travelled by particles, but no attention has 
been given to the patterns of particle travel direction.
• Particle elongation is taken into account in itself and in relation to the initial particle 
velocity. In previous studies, researchers assumed in their calculations that particles 
were spherical.
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• Particle initial velocity is generalised from simulated conductor-clashing tests which 
are very close to real situations. In the SECV studies, attention was paid to the particle 
velocities only from the direction perpendicular to the conductors. In this study, the 
design allows for three dimensional measurements.
• Particle life times are measured by re-displaying the test record video tape. This 
study actually displays the life of visible particles produced from aluminium 
conductor clashing, whereas in a previous study (Rowntree 1991 [23]), similarly 
using video tape recording, the particles were produced from a DC arc.
The purposes are to generalise the size, initial velocity and life time of aluminium particles 
from conductor clashing tests. These important parameters are then used in the fire ignition 
prediction calculation in Chapter 7.
Post-clashing inspection of pit marks left on aluminium conductors offers some evidence 
that clashing can occur without resulting in particle ejection. This can provide fine ignition 
assessment to a certain extent.
6.2 Test arrangement
An aluminium conductor clashing test rig, shown in Figure 6.1, was designed for both easy 
control in the laboratory and its similarity to real clashing situations. Electrical power 
supply from the mains was at the level of 415 Volts. The fault currents involved in the 
investigation were at the levels of 300 A to 3000 A. Two aluminium conductors of type 
7/3.0 AAC were suspended. Each conductor was linked to the crank of a motor through 
a flexible string. Motor 1 swung the upper conductor backwards and forwards horizontally. 
While motor 2 raised the lower conductor to clash with the upper conductor during the 
tests. The two conductors were in the same vertical plane both in a stationary state and in 
clashing.
For the purpose of studying droplet trajectories, a three-dimensional marker was placed 
under the two conductors. Flight-paths were recorded by a video camera set about 6 metres 
in front of the test rig.
To study the ejected particle size distribution, a metal tray lined with cardboard 
(1530Lx920Wx250H mm in dimensions) and full of nitrogen gas was placed below the 
clashing conductors to collect the ejected particles, see Section 6.4 for details. The two 
conductors were lowered close to the tray to collect as many as possible of the expelled 
particles.
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Figure 6.1 Aluminium conductor clashing test setup 
6.3 Observations of conductor clashing
The aluminium conductor clashing, sparking and ejected particles are observed and 
compared at different arc current levels.
Physically, with increase of the fault current, the arcing is more violent with louder noise 
and brighter arc; the two conductors separate more quickly due to the larger magnetic 
force; the sparking gets more violent with quantitatively more particles and higher initial 
velocity.
For a current level of 300 A, the conductors very easily stuck together and did not separate. 
For the 500 A and 700 A levels, conductors were clashed more in the fashion of "double 
clashes", in which one clash was followed shortly by the other clash. For the highest 
current level of 3000 A, the two conductors were separated so violently that the arc could 
last for only 20 to 30 ms.
The largest number of identifiable ejected particles, or "sparks", counted from a single test 
at the current level of 700 A and above, is about 150. For the tests at higher fault current 
levels of 1800 A or 3000 A, the particles ejected were not necessarily more in number, 
but were brighter and with higher ejection velocity.
Electrical Sparks Produced From Aluminium Conductor Clashing
- 65 -
Chapter 6 Aluminium Conductor Clashing
Electrically, the arc duration is decreased with increase of the arc current. Higher arc 
current causes larger magnetic force to separate the two clashing conductors. The arc 
durations, counted in half-cycles of 50 Hz, are tabulated according to the arc current levels 
in Table 6.1. The conductor separation is dominated by the magnetic force in the 
experiments, in which clashes were achieved by the slow touching of the two conductors.
C u rren t (rm s) 300  A 500 A 700  A 1000 A 1800 A 3000  A
D u ration  (m s) 90-120 70-90 4 4 -9 0 30-70 30-40 20 -30
Table 6.1 Arc duration in relation to arc current
In the tests, the arc voltage, a function of the arc current and conductor separation, is an 
auxiliary indication of the conductor separation procedure. In this procedure voltage 
changes suddenly from normal to zero and gradually increases from zero back to normal.
For a particular test group, the short-circuit current was set to a certain value before tests. 
However, the maximum currents could vary, depending on the phase angle when the 
conductors clashed. This contributes to making the arc durations variable in a certain 
range. Typical waveforms of arc voltages and arc currents for each of six test groups are 
shown in Figure 6.2.
Panicles collected were mostly elongated in a cylinder-like shape. It is considered that 
the elongation is caused by the ejecting forces acting on the molten and ready-to-be-ejected 
particles. The comparison of the particles suggests that, at higher arc current levels, the 
proportion of elongated particles increases and the shape of these particles is elongated to 
a larger extent.
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(1) 300 A current level (2) 500 A current level
(3) 700 A current level (4) 1000 A current level
(5) 1800 A current level (6) 3000 A current level
Figure 6.2 Typical arc voltage and current waveforms
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6.4 Droplet size distribution
The size of particles ejected from conductor clashing is a significant parameter in assessing 
fire ignition risk.
Observation of initial conductor clashing study showed that aluminium droplets were 
burning in flight and quite possibly changed their size. The hot aluminium particles kept 
burning after reaching the ground. When cooled down by using a tray of water, the particles 
reacted with the water and kept burning on the surface of the water. Thus, the size of 
droplets collected was less than that expected at the beginning of ejection.
To stop the particle burning as soon as possible, a chemically inactive gas, nitrogen, was 
placed within a cardboard tray below the clashing conductors. When poured into the 
bottom of the cardboard tray, liquid nitrogen kept boiling since its boiling temperature is 
-195.8°C. The nitrogen in its gaseous form filled the 25 cm depth cardboard tray and 
overflowed slowly. The density of nitrogen gas near boiling point is 1.2506 kg/m3, only 
slightly heavier than air (1.2047 kg/m3 at 20°C). So the cold nitrogen gas was quite stable 
in the air. Besides, as the electrical conductivity of nitrogen gas and air are similar (Cobine 
1957 [11]), the conductors clashing occurring only a short distance above nitrogen gas 
was considered not to affect the arcing and sparking procedure. Therefore nitrogen gas 
was considered to be an ideal medium for collecting the hot particles because it helped to 
stop, or at least slowed down, the particle burning after ejection.
After being collected, the particles were graded according to size by using the 12 Standard 
Test Sieves from 0.300 to 2.000 mm. Particles in each size range were then weighed. The 
particle size distributions in terms of weight is shown in Figure 6.3. In the figure, the 
percentage corresponding to a diameter (sieve size) represents the probability of particles 
sized between the sieve size of this diameter to the next larger sieve size. For example, 
P(De-0) represents the probability of particles in the range from diameter£>£=0 to 03  mm. 
In total, six distributions are displayed according to the fault current levels from 300 A to 
3000 A. The cumulative probability of particles sized greater than a given diameter is 
shown in Figure 6.4.
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Figure 6.3 Size distributions: weight percentage o f aluminium particles in given size
ranges
Two features are quite obviously shown in above two figures. The particle size distributions 
in Figure 6.3 show that there are two peak occurrences of size ranges, one in the range of 
0.425 to 0.5 mm, and the other in the range of 0.6 to 1.0 mm. And in Figure 6.4 it shows 
that higher fault currents cause smaller particles to be ejected. But on observing the shape 
of the particles collected from the tests, it was found that the particles from the higher 
current clashing tests were elongated to a greater extent. Figure 6.5 shows the aluminium 
particles sized in the range from 0.425 to 0.5 mm and ejected from clashing tests with 
current levels (rms value) at 500 A, 700 A, 1000 A and 3000 A respectively. For the tests 
at 3000 A current level, about 50% to 60% of the particles were obviously in a cylindrical 
shape with different length/diameter ratios. The grading method of using sieves can only 
reflect the smallest projection size of a particle, not the length of an elongated particle.
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Figure 6.4 Size distributions: cumulative weight percentage of aluminium particles
larger than a given size
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(a) 500 A current
(b) 700 A current
Figure 6.5 Aluminium particles sized between 0.425 and 0.5 mm and ejected from 
clashing tests with different current levels
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(d) 3000 A current
(c) 1000 A current
Figure 6.5 Aluminium particles sized between 0.425 and 0.5 mm and ejected from 
clashing tests with different current levels (continued)
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If the elongation effect is taken into account, distributions of particle size in terms of 
volume or mass are estimated quite similarly regardless of fault currents. And the two-peak 
feature can change to an approximate one-peak distribution, if it is imagined that the 
elongated particles change back to spherical shape. This eliminates the problem of the 
particle grading method which does not distinguish between spherical and elongated 
particles. The elongation effect on the particle size distributions is described in detail in 
Section 6.5.2.4.
The largest droplet sized of 2.05 mm in diameter in spherical shape was found in the 
electrode test described in Chapter 3. It is in agreement with the one obtained from the 
aluminium conductor clashing tests, in which the largest particle is slightly less than 2.0 mm 
but elongated slightly.
Previous researchers counted the numbers of particles when studying panicle size 
distributions. It was straightforward if a small number of particles was involved. When 
large numbers were involved, alternative ways of counting numbers were used. For 
example SECV counted particles by the Zeiss TGZ3 particle size analyser. The tests done 
in this investigation involved more than 10,000 particles. Small particles of less than 0.3 
mm looked like powder and occupied approximately more than 60% in terms of number. 
Distribution error is introduced by counting error. On the other hand, weighing particles 
is much easier. While counting particle number and weighing particles are two different 
ways of presenting particle distribution, the latter is easier and more accurate and therefore 
preferred. The number of particles in a given size range can be calculated out approximately 
since the weight, density and average size are known.
6.5 Trajectories of droplets
To analyse trajectories of droplets ejected from clashed conductors, none of the previous 
researchers really traced the flight paths of the droplets in the air. Here, an attempt to track 
the real trajectories of the droplets was made. The method of obtaining particle flight paths 
from the experiments is described in Section 6.5.1. The detailed trajectory analyses, 
including the usage of a theoretical particle trajectory model, particle shape elongation due 
to the flying velocity, and the initial velocity of particle ejection, are given in Section 6.5.2.
6.5.1 Method of obtaining flight paths of droplets
There were three steps in obtaining the trace of a droplet —  test recording, data translation 
and two to three dimension transformation. Test recording was carried out by a video
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camera and a video cassette recorder (VCR). The data contained in the screen-graph was 
translated by using a Frame Grabber. Finally, two-dimensional screen-graph data were 
converted into three-dimensional data by using projective transformation.
6.5.1.1 Flight-path recording
A video camera provided a simple, fast and convenient way of recording the tests. The 
Panasonic MS90 S-VHS video camera used had a high resolution feature o f420,000 pixels. 
The Panasonic FS100 S-VHS video cassette recorder (VCR) used had a horizontal 
resolution of 400 lines and a vertical resolution of 625 pixels per line when using S-VHS 
format. For the convenience of later analysis, test recording was carried out by the VCR 
whilst using the video camera in the monitoring mode (record pause mode).
The geometric aberrations of the camera lens were of concern as to what extent they would 
affect the tests. When the view angles of the camera are small, the paraxial-ray or Gaussian 
approximation, which treats only those rays that lie close to the axis of the optical system 
under examination, is adequate. Otherwise, when the angles involved in image formation 
are large, i.e., for objects far off the optic axis, or for points close to the vertices of the 
optical system, the paraxial-ray assumption breaks down (Blaker 1971 [7]). These effects 
are known as image aberrations or geometric aberrations. The third-order aberrations, 
those arising when the angles are not too large and the cubic term in the sine expansion 
(Taylor expansion) becomes important, are as follows (Blaker 1971, [7]):
• Spherical aberration
• Coma
• Astigmatism
• Curvature of the field
• Distortion
There are four basic lens types of cameras —  meniscus lens, basic compound lens, Cooke 
triplet lens and Tessar lens. Inexpensive cameras often use the single simple meniscus 
lens and only astigmatism and coma are corrected. The basic compound lens consists of 
a series of positive and negative lenses and is well corrected over the field of both geometric 
and chromatic aberrations. Cooke triplet is a well-corrected, relatively inexpensive lens 
usually used in some modification for less expensive cine cameras. Tessar lens is a 
modification of the Cooke triplet, characterized by replacing one of the outer elements by 
a cemented doublet. This flattens the field and reduces the spherical aberration and in 
addition gives a relatively wide field of view.
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The modem Panasonic MS90 S-VHS video camera uses the Tessar lens, which has fewer 
aberrations. However, if an object was placed very close to the camera, some of the 
aberrations, for example, pincushion distortion, became obvious. So putting the camera 
from the test rig as far as allowed within the laboratory and using relatively long focal 
length was a good way to get less aberrant pictures.
Although no real optical system can eliminate all aberrations at any one time, by using the 
Tessar lens and putting the video camera far from the test rig, the geometric aberrations 
were reduced to a very small amount. The analysis of using the DT2851 frame grabber 
showed that, the pincushion distortion of one metre square bar of the marker was less than 
0.5 % (one out o f256 lines/columns. As described in Section 6.5.1.2, a full screen contained 
256 lines and 256 columns). Therefore, the geometric aberrations produced during the 
conductor clashing tests were considered very small and essentially negligible.
The rate of the frame recording by the VCR is 25 frames per second. Due to the interlacing 
techniques used by the VCR, 50 half frames are displayed on the screen per second. 
Obviously, information contained on the second half of a 40 ms frame is shifted one vertical 
line. The interval of any two consecutive full frames is 40 ms.
6.5.1.2 Data translation
Reading data, or the droplet positions, from each frame recorded on video tape was an 
important step and made the analysis become possible.
The Data Translation DT2851 frame grabber carried out a 512x512 pixel conversion of 
each video frame. Video frames were temporarily stored in one of the on-board buffers. 
Two on-board buffers, each of 256 Kb, were provided and memory mapped into the 
extended memory space of the IBM PC. The bright-droplet positions were located by the 
cross-hair cursor while the frames were re-displayed on a monitor. The cursor could be 
set only to even pixels and even lines, which resulted actually in a 256(column)x256(line) 
per full-screen geometric resolution. Considering the test area was about 2.0x2.0 m2, the 
minimum distinguishable length was of the order of 10 mm.
To analyse the droplet trajectories, the droplet positions in each sequential frame were 
required to be translated. Difficulties were encountered by two attempts at data translation 
from video frames:
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1. Although the DT2851 frame grabber could grab frames continuously to the 
on-board buffer and display them in real time, it could not store the frames to 
disk in display speed. Some frames were inevitably unable to be recorded by 
this method. What was required was a complete sequence of frames capturing 
the brief ejection of particles. The frame grabber is not suitable for this required 
process.
2. The other attempt to get the droplet positions in frames was to use the pause 
mode of the VCR. However, the frames (from VCR through frame grabber to 
TV) were unstable in the VCR pause mode. The reason was that the sync signal 
of the VCR in pause mode was distorted by the intervening digitalisation of the 
signal via the DT2851 frame grabber.
To solve this problem, a video signal mixer was designed and built. The mixer was a 
circuit executing an addition of the two input signals —  one was the frame signal from 
the VCR, the other was the cross-hair cursor signal from DT2851 frame grabber —  and 
channelling to the TV display. At the same time, the DT2851 frame grabber took the VCR 
signal as an external sync signal. The connection of the video mixer with the other devices 
is shown in Figure 6.6.
VCR
□ □□□ □
TV
PC (w ith  DT2851 )
n n1 □ U
MIXER
Figure 6.6 Connection diagram of the video mixer with the other devices
A program was written in order to work with the mixer. The purpose of the program was 
to obtain a cursor signal on a dark background from the DT2851 card. The cursor was 
movable around the screen and its position could be reported and written to a file. The
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dark background was obtained by retrieving the pre-recorded dark image file to the 
on-board buffer when the program was run and this dark image was displayed with the 
cursor free of other noise image.
With the mixer, the stable pictures (the frames plus controllable cross-hair cursor) were 
obtained on the TV screen in VCR pause mode. The quality of the still image, whose 
sharpness and colour were nearly the same as original picture, was much better than the 
digitalised image, whose sharpness was reduced and colour changed to monochrome. By 
using the frame advancing feature of the VCR, the sequential frames were displayed in 
order. Thus the positions of selected droplets in each ffame could be located.
6.5.1.3 Two-dimension to three-dimension transformation
The complete three-dimensional geometry of the measured droplet flight-path was 
calculated by using photogrammetric principles, the direct linear transformation 
(Abdel-aziz el 1971 [6]), and a known marker placed into the test set-up.
The mathematical formulation used in these techniques draws on the fact that the optical 
path, traversed through the air, consists of straight light rays between the object and camera. 
For one plane, the transformation of the real plane X-Y marked with four points, M0, M l , 
M2 and Afj shown in Figure 6.7(a), to the screen plane M-N with four corresponding points, 
M’o, M’h M’2 and M’3 shown in Figure 6.6(b) is given in Equation (6.1).
mx b(m2- m 3)x + am3y (6.1)
a (mx - m 2 + m3)y + b (m2 -  ra3)’
n _ _________ n2mxy_________
(mx - m 2 + m3)y + b (m2 -  m3)’
where, rcy=0 and n3=n2, because for each of the three marker-rectangles in the test scene, 
the image formed on screen was a trapezium.
Reverse transformation is given in Equation (6.2).
n2m - m 3n (6.2)
X = a (m2- m 3- m x)n + mxn2
(m2 -  m 3) n
y — b ------------ ---------------- .
(rn2 - m 3-  mx) n + mxn2
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(a) Real plane (b) Screen projective image
Figure 6.7 Plane transformation
The three-dimensional marker helped to obtain constants of mh m2, m3, n^ n2, n3 and a 
and b in Equation (6.1) and Equation (6.2).
Two important points of droplet flight were determinable. The start point of the travel of 
a selected droplet after clashing, Pstart, was on the vertical plane facing the video camera. 
One of the three-dimensional-marker planes, X-Y, shown in Figure 6.8, was put there. The 
two aluminium conductors were located on the X-Y plane during clashing. The end point, 
Pend > which could be identified when the droplet reached the ground, was on the ground 
plane, or the X-Z plane of the marker.
Figure 6.8 Marker and how a droplet flew in air
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The ground projection of a droplet trajectory was a line. The assumption of a droplet 
trajectory remaining in one vertical plane was made and was practical under the still air 
conditions within the laboratory. Once ejected, a droplet kept moving in one direction and 
the ground projection of its trajectory was the line / >endG,tflrf, where the point Gstar, was the 
projection of the start point Pstarr Thus, any one point P, during the droplet travel, whose 
ground projection G, was located on the line PeGs, could be determined by three 
transformations derived with the help of the three-dimensional marker.
6.5.2 Trajectory analyses
Particle trajectory study identifies how far a particle can travel. Real particle trajectories 
are quite random. Therefore a proper theoretical model is desired and needs to be verified 
by real particle trajectory. If particle size and initial velocities could be generalised from 
the experiments, particle trajectories could be predicted by computations.
The particle flight-path obtained from the experiments by using the method described in 
Section 6.5.1 indicates two things — the particle flight path patterns and the particle flight 
time. The corresponding particle sizes are not measurable. Also, particle initial velocities 
are not accurately determinable because the bright arcs make the ejecting panicles unseen 
at the very beginning.
Therefore, a theoretical trajectory model is used to calculate trajectory paths for supposed 
combination of panicle size and initial velocity. The calculated paths are then compared 
with the real paths from the tests. Once the two kinds of paths are matched, the particle 
sizes and the initial velocities, which are inserted hypothetically into the theoretical 
calculations, are considered to be the same as in, or very close to, the real particle ejection 
situations.
Experiments have been shown that the SECV’s trajectory model [1] is suitable for 
simulating real particle trajectory. But the SECV’s work has not taken into account the 
particle elongation effect, which is an important aspect affecting particle trajectories.
The generalisation of the particle initial velocity from the aluminium conductor clashing 
tests, together with the study of particle size distribution and elongation, contributes to the 
practical use of the particle trajectory model.
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6.5.2.1 Trajectory calculation model
As described in particle dynamics (Perry 1984 [22]), a particle’s flight when it moves 
relative to its surroundings is controlled by the drag force and the gravity, which are 
illustrated diagrammatically in Figure 6.9. The gravity force, Fg, and the drag force, Fd, 
due to relative motion between a particle and surrounding air, are given by Equation (6.3).
Figure 6.9 Gravity and drag forces acting on particle
- m g ,
CdApps —.J vy.
(6.3)
where m = particle mass, given by Equation (6.4) [kg], 
g -  local acceleration due to gravity [m/s2],
Cd = drag coefficient,
Ap = projected particle area in direction of motion [m2], 
p, = surrounding air density [kg/m3],
Vr = relative velocity between a particle and surrounding air [m/s], 
Vr = vector of Vr.
(6.4)
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where p = particle density [kg/m3],
D = particle diameter [m].
The drag coefficient, Cd, has been found to be a function of the shape of the particle and 
the Reynolds number, R. The Reynolds number, R, is a function of particle diameter, 
particle relative velocity and the kinematic viscosity of air at the temperature in question, 
given in Equation (6.5).
VJ) (6.5)
where v = kinematic viscosity of air [m2/s].
The drag coefficient of spherical rigid particles proposed by SECV [1], given by 
Equation (6.6), is quite close to the one presented by Perry [22] over the Reynolds number 
range in question (Figure 6.10). Considering a largest possible particle of 3 mm diameter 
and the highest possible relative velocity of 40 m/s, the largest Reynolds number will be 
about 1000.
(6.6)
Thus, the equation governing the particle motion is given by Equation (6.7);
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Figure 6.10 Reynolds Number versus Drag Coefficient for spheres,from SECV [1] and
Perry [20]
m
(6.7)
CAP*
2 Vr\ r- m g .
The magnitudes of the acceleration components in x  (horizontal) and y  (vertical) axes 
directions are given in Equation(6.8):
C’A  p,
2m
V V
(6.8)
CdAp p,
V  = — d—^±v v  -g .y 2m n> r °
By applying different combinations of particle sizes and initial velocities (values and 
directions), the calculated particle flight paths have different patterns, which could be 
identified mainly near the turning points in their paths. Particles ejected in the directions 
of around 45° up declination to the horizontal travelled in easily identifiable paths. Particles
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ejected direcdy downwards did not have turning points in their paths and did not contribute 
easily to this analysis. If keeping two parameters the same and comparing the path 
differences caused by changing one parameter, one would find:
(a) different initial ejecting angles made obviously different paths, Figure 6.11(a). 
Particles travelled further if the angles were in the range of 30* to 45° subject to the 
height where the particles ejected;
(b) particles with higher initial velocity travelled further, with a similar flight patterns, 
Figure 6.11(b);
(c) larger particles travelled further, and curved more smoothly than smaller particles in 
their turning points at around the highest vertical positions they reached, 
Figure 6.11(c).
It was possible that a larger particle with lower initial velocity happened to travel the same 
horizontal distance and hit the same spot on the ground as that a smaller particles did with 
higher initial velocity, provided both particles have an identical ejection angle, 
Figure 6.11(d). The two flight paths overlapped each other for the most part, but not the 
part near their turning points. The flight times of these two particles did not equal to each 
other either. This feature made one particle flight-path distinctive from all others.
Electrical Sparks Produced From Aluminium Conductor Clashing
- 83 -
Chapter 6 Aluminium Conductor Clashing
(a) Different velocity angle (b) Different initial velocity
(c) Different particle size (d) Different particle size and velocity
Figure 6.11 Particle flight-path patterns with different parameters 
6.5.2.2 Particle shape elongation effect
SECV [1] used the model in Section 6.5.2.1 in its theoretical calculation for spherical 
particles. The reason is that, in the tests done by SECV, the fault currents were up to 500 A 
only. Spherical particles were dominant, though a small portion of elongated particles and 
few other irregular particles were observed [1].
The experiments done here with large fault currents, up to the level of 3000 A rms, showed 
that the ejected particles are predominantly of elongated shape (ref. Figure 6.5 on page 71 
and 72). The higher the current, the more violent the sparking, which means the higher 
the initial particle ejection velocity, and the more elongated the particles.
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The elongation of the particles affects the particle flight paths. For a particle with certain 
weight, if elongated, the particle meets less drag force since its projected area in the moving 
direction is less, and therefore travels further (Figure 6.12). Thus the particle elongation 
effect should be taken into account in analysing particle trajectory.
Figure 6.12 Elongated particle flight path
The extent to which a particle elongates is a function of the particle’s velocity. The 
measurement from the experiments showed that the maximum speed is about 30 m/s and 
the largest ratio of particle length/diameter is about 10. Very occasionally a few particles 
ejected at a horizontal speed estimated at 45 m/s and flew out of the viewing limit set for 
the video camera. Elongation ratio e^g  is defined as the ratio of the length of a cylindrical 
particle, L, to the diameter of particle’s projection in the moving direction, De. Based on 
the observation of particle elongation and particle ejection velocity, the elongation ratio 
tiong was assumed to be a second-order polynomial function of particle initial velocity, 
expressed in Equation (6.9) and graphed in Figure 6.13.
etai = 0.01V2+ l, (6-9)
where V  is the particle initial velocity. The above assumed function was chosen to satisfy 
the relationship of velocity distribution and particle elongation in a general sense. For
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Figure 6.13 Elongation ratio versus particle initial velocity
example, for particle initial velocities up to 5 metres per second, the elongation ratio is up 
to only 1.25 as suggested by the above equation, which corresponded to the cases of 
particles collected from low-current (lower than 500 A) tests.
The elongated particles of cylindrical shape were the larger portion, though there were 
some irregular shapes. Assuming that the elongated cylindric particles were originally of 
spherical shape with the same mass or volume, ^D 3 = ¿D 3 + (L - D e)~AD], the relationship 
between the diameter of the cylindric shape, Det and the diameter of the spherical shape, 
D, could be expressed as Equation (6.10) and graphed in Figure 6.14:
3 /-----3------------- (6-10)
D=ZV\/ i + ^ w - d -
For example, if a particle collected from the conductor clashing test measured 0.5 mm in 
diameter and 5 mm in length, it is considered to have an original spherical shape of 1.22 mm 
in diameter and elongated by forces which accelerates the particle to an initial ejection 
velocity of 30 m/s.
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Figure 6.14 DIDt versus elongation ratio
Both equations given in this section are generalisations of the real situation. Although 
they may not exactly represent the elongation effect, they indicate a trend of such an effect 
and were cross checked by the elongated particles collected from the experiments. These 
approximations simplify the calculations for later analysis.
6.5.2.3 Initial velocities of droplets
Particles are initially accelerated by forces to eject from conductors electrically clashed. 
As studied in Chapter there are two forces acting on the particles. One is caused by heat 
absorption and points in all directions globally. The other is magnetic force acting 
uni-directionally along the parallel conductors from the power-sending side to the receiving 
end.
The initial particle velocity V, as shown in Figure 6.15, is the resultant of Vh and Vm 
accelerated by heat explosion force and magnetic force, respectively. For a particular 
conductor clashing, the value of velocities Vh and Vm may vary in certain ranges, mainly 
depending on the fault currents. The fault currents involved in the investigation varied 
from 300 to 3000 A (rms).
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Figure 6.15 Resultant particle initial velocity
The relationship of V* and Vm could be assessed by the way total particles were ejecting. 
Observations over a large number of tests showed that the minimum half-cone angle was 
about 30°, which indicated that Vm was about 2V*. Velocity Vn could be less than Vh in 
some tests, in which a few particles travelled in the opposite direction to the magnetic 
force. The lowest Vm is estimated around 0.8V*.
Most identifiable flight paths were those travelled by particles ejected with angles between 
30° to 60° upwards to the horizontal. Their initial velocities matched by the calculation 
model were frequently in the range of 5 to 10 m/s. Together with the maximum velocity 
V estimated at 45 m/s in the horizontal direction, V* was generalised to have a value in the 
range of 0 to 14 m/s, centred at 7 m/s.
Many natural random phenomena have a normal probability distribution. It is considered 
adequate to assume the velocity has such a distribution instead of tracing all particles’ 
paths which is unproductive. The density function of a normal probability distribution 
can be expressed by Equation 6.11 (Ostle el 1988 [21]),
Jx-af (6.11)
f (x)  = ^2 n b 2 *e ** ,
where a = mean,
b2 = variance.
Therefore, a simple assumption was made that the value of V* has a normal distribution 
centred at 7 m/s and mainly distributed in the range of 0 to 14 m/s; Vm has a normal 
distribution centred at 1.5 V* and mainly distributed in the range of 0.8V* to 2.2V* for each
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value of Vh, as shown in Figure 6.16. To simplify the calculation of the resultant velocity 
V, discrete values of Vh with 1 m/s interval and of VJVh with 0.1 interval are used. The 
resultant V distribution by the above generalisation is calculated and shown in Figure 6.17.
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Figure 6.17 Particle initial velocity distribution
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The generalised velocity distribution may be overestimated slightly towards the higher 
value. The peak velocity probability would be slightly less than 11 m/s, which appears in 
Figure 6.17.
The above generalisation of initial velocity distribution is based on the above study of the 
six test groups with currents at levels from 300 A to 3000 A. It was visually observed that 
particles eject with higher initial velocity if the arc current is higher.
6.5.2.4 Droplet size distribution by considering elongation effect
The size distribution of droplets obtained from the aluminium conductor clashing showed 
a feature of double peaks, as described in Section 6.4. A large proportion of elongated 
droplets were found. It could be imagined that a particle was originally of spherical shape 
with diameter D, then elongated, due to the ejecting forces, to be in a cylindrical shape 
with a length of L and a cylindrical diameter De, keeping its mass unchanged. Particles 
with the same De may have different mass if their elongation ratios L/De were different, 
though they passed a same-sized sieve.
Although most particles were in the elongated shape in the real world, the particles’ 
equivalent spherical diameter sizes may make more sense for calculation. With the 
approximation of the relationship between the elongation ratio and the initial particle 
ejection velocity (Equation (6.9) in Section 6.5.2.2, page 85), and the particle ejection 
velocity distribution generalised from the experiments (Equation (6.11) in Section 6.5.2.3, 
page 88), the distribution of imagined spherical particles is calculated.
Figure 6.18 shows diagrammatically the way to re-grade particle size. For elongated 
particles collected from tests, the size distribution (in terms of weight) is shown vertically 
by the percentage from PDe0 to PDe]2 and the velocity distribution is shown horizontally by 
the percentage from Pvo to PVJ. The percentage of PDei particles was sized in the range 
between sieve i and sieve i+1, which corresponding to the row i in Figure 6.18. The 
percentage of PVJ particles of any given size was ejected with initial velocity between Vy 
and Vj.„ which corresponding to column j. In the cell (/,/), a portion of PDei\P Vj particles 
had a size of De by L. The particles in cell (i, j) could be imagined to be D sized spherical 
particles with their volume unchanged, as described by Equation (6.10) (page 86).
Particles with calculated spherical diameter of D in all cells were then re-graded against 
the standard sieves.
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Figure 6.18 Method o f re-grouping the elongated particles to spherical particles
The calculated size distribution of the imagined spherical particles has a natural feature 
approximating one peak, as shown in Figure 6.19. The elongated particle distribution in 
terms of De is plotted as a dotted line in the same figure for comparison.
Particle size and initial velocity (value and direction) are important parameters. Once 
generalised from the experiments, they can be used to predict particle trajectories.
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Figure 6.19 Particle size distribution after re-grouping to spherical shape 
6.6 Particle life time
The visible life time of a particle is considered a vital factor in relation to the probability 
of fire ignition. A particle ejected from conductor clashing is burning in its flight. Particle 
temperature rises because of the heat-absorbing reaction. When a particle is oxidised to 
a certain extent, its heat gaining rate gets less and the particle temperature decreases. The 
invisibility of particles several seconds after burning indicates that a relatively low 
temperature has been reached and the ignition ability is considered to be very low.
The visible life times of aluminium particles measured from the conductor clashing tests, 
in relation to their sizes, are shown in Figure 6.20. The observation of the visible particles 
was conducted by a camera placed 6 metres away through a ND 1.0 filter plus a 
welding-helmet screen. The particle sizes in Figure 6.20 are diameters of equivalent 
spherical shapes converted from the elongated particles (as described in Section 6.5.2.4). 
The elongated particle sizes were obtained by matching the particle flight-path patterns in 
the conductor clashing tests (as described in Section 6.5.2.1).
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Figure 6 2 0  Particle life time versus size
The measured maximum particle life times in the tests were in the range from 2 to 3.2 
seconds. To take into account the quicker cooling procedures after the aluminium particles’ 
impact on the ground, a coefficient is introduced. The particle life time would be longer 
if particles were kept in the air (as observed by Rowntree 1991 [23]). The upper margin 
line of particle life-time is also shown in Figure 6.20.
The result obtained here is statistical and is used later in the fire ignition probability 
calculations in Chapter 7. Some un-clear particle burning procedures could happen 
randomly and thus affect individual particle life time. For example, an elongated particle 
could have a longer life time since it has a larger surface to react with the open air and 
may oxidise further, when compared with a spherical particle of the same weight.
6.7 Post-clashing aluminium conductors
Since the difficulty was that the bushfire ignitions were unpredictable, none of the ignitions 
were witnessed exactly and precisely. Very little evidence of ignition cause exists on the 
site after a bushfire. The state of conductors altered by clash is available evidence after 
bushfires. Also, the examination of the conductors left on-site could offer some information 
in a different way from the studying of spark behaviours.
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In the following two sub-sections, the question----- did a fire change the pit marks on
conductors-----is addressed first. Then the conductor inspection in various conditions
in the laboratory is described.
The probability of a bushfire ignited by the sparks was very low, as concluded by many 
researchers. But an individual case was still hard to determine. The inspection of the 
post-clashing conductor serves as a practical approach to confidently rule a portion of 
bushfire cases out of doubt of being ignited by electrical sparks produced from aluminium 
conductor clashing.
6.7.1 Conductors after fire
To verify what happened to the damaged conductors during a bushfire, a bushfire 
simulation test was carried out. The fire was set up within a metal garbage bin of 50 cm 
in height and 35 cm in diameter, with several holes drilled in the wall near the bottom for 
ventilation. The fuel was mainly twigs, mixed with some wood pieces and paper. Two 
steel wire meshes were put on the top and middle of the bin respectively. The aluminium 
conductor samples were cut into 15-cm lengths and laid on the two meshes.
The conductor samples at the middle of the bin were molten after about 5 minutes. The 
skins of the sample conductors remained like paper (Figure 6.21). This was because the 
skins were formed of Al20 3, whose melting temperature is 2072°C, while unoxidised 
aluminium inside the samples flowed away. If any fire was as strong as this, no evidence 
on the conductors could be identified.
However, the conductor samples at the top of the bin kept their shape but with blackened 
skins. After being cleaned, the conductors appeared in the same condition as they were 
before being fired. Figure 6.22 shows the appearances of two after-fire samples, one was 
normal and the other was damaged by clashing. Inspection of both samples after cleaning 
revealed that pit marks remained on the clashing-damaged conductor. Fire did not damage 
the normal conductor apart from oxidisation.
The aluminium conductors used in electrical distribution systems are always suspended, 
which means they have vertical distance from the forest ground layer. In addition, a bushfire 
was usually moved by winds, which, as reported, have a high coincidence with bushfires. 
Almost all fires in natural fuels are "moving fires" where the flames consume and 
progressively move across the fuel bed (Gill 1981 [14]). In conditions of little or no winds,
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Figure 6.21 Sample o f aluminium conductor cooked by strong fire
Figure 6.22 Samples of aluminium conductors cooked by fire
a bushfire burns locally and is extinguished after consuming the fuel in the area. All of 
this suggests that the conductors on bushfire sites are not burned so badly that any pit 
marks are obliterated. These pit marks are able to be found after cleaning.
Clearly, if no tell-tale pit marks appear on the conductors obtained from a bushfire site, 
there is no evidence that sparks have been expelled resulting in possible ignition of 
bushfires.
6.7.2 Pit marks left on conductors
It was thought initially that, by inspecting the conductors after clashing in various 
conditions in the laboratory, a relationship could be made connecting pit size to amount 
and size of the sparks. If the photographic documentation of post-clashing conductor 
damage can be compiled in association with droplets of the largest size, the potential for 
fire ignition by conductor clashing could be known by comparing the maximum energy
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of the largest droplet carried with the threshold ignition energy of the fuel on site. The 
ignition probability could be ruled out if the maximum droplet energy is less than the 
threshold ignition energy of the fuel in question.
Unfortunately, it has been observed that the largest particle size could not be derived from 
the pit mark left on the conductors. Particles were ejected from clustered places on the 
conductors. The marks left on the conductors appeared in the form of pure aluminium 
core surrounded by a blackened crater edge, Figure 6.23(a).
However, observation showed that, when the fault currents were below a certain level, 
aluminium conductor clashing produced no sparking but left small pit marks on the 
conductors, Figure 6.23(b). Those marks were sized about or less than 2 mm in diameter 
and 0.5 mm in depth and looked as if they had been freshly "cut" by a hard object. They 
appeared on a test conductor in a discontinuous fashion which corresponded to the arc 
movement. No incandescent particles have been found in these experiments.
(a) Large marks on conductor after sparking clash
(b) Small marks on conductor after no-sparking clash 
Figure 6.23 Marks left on aluminium conductors after clashes
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Therefore, if it cannot assess all cases, the conductor inspection method can at least resolve 
two portions of claims of fire ignition by aluminium conductor clashing. One is where 
the conductors in question are in normal conditions and have no pit at all after a bushfire. 
The other is where only small freshly "cut" pit marks are found on the conductors.
Figure 6.24 illustrates to what extent inspection of post-clashing of conductors can identify 
non-ignition conductor clashing. Two portions (on the left side) are able to be identified 
as one zone of no ignition. While the other two portions (on the right side) are ideally 
separated into non-ignition and ignition, they make up one zone in which it is hard to 
identify the threshold at which ignition takes place.
Identifiable Zone , Unidentifiable Zone 
No Fire Ignition j Possible Ignition
No Fire Ignition Fire Ignition
Figure 6.24 Illustration o f identifiable portions ofbushfires ignited by conductor 
clashing by examining the damaged conductors
Large pit marks indicate particles may be removed from the clashed conductors. Whether 
these ejected particles could cause fires remains in uncertainty and the ignition probability 
could be analysed by studying the sparks and the ground fuels.
It was possible that in some cases a fire was started first. Then live-conductors at nearby 
clashed and were claimed faithlessly to be responsible to the fire.
Many cases of bushfires have been claimed as being caused by electrical sparks but the 
relationship remains ambiguous. Some legal claims of such relationships have been made 
but later withdrawn, which implies that those claims had little or no evidence to support 
them.
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Chapter 7
Fire Ignition Prediction
7.1 Introduction
The prediction of fire ignition caused by conductor clashing is the aim of the study in this 
research area. Every attempt has been made to assess the fire risk as accurately as possible.
Some researchers (Stillman 1989 [25], Rowntree 1991 [23]) have studied the probability 
of fire risk by conductor clashing occurring over a whole year. The result was that of low 
possibility and gives a general indication from a statistical point of view. But if the 
possibility, however low it is, can not be ruled out, the question arises: what is the ignition 
probability for a particular conductor clash?
In this chapter, a general model is presented, This model predicts fire risk caused by a 
single conductor clash in a given day and location. A given day and location gives the 
weather conditions and the localised conditions, including fault current order, height of 
the conductors, wind speed, atmospheric temperature and ground fuel.
The calculations are based on the experimental work, including fire ignition study (by 
Rowntree 1991 [23]), the aluminium droplet size distribution study and the droplet 
trajectory study (Chapter 6). The range of fault currents investigated in the experiments 
was 300 to 6000 A. A clash is considered as a valid clash if droplets are expelled. No 
calculation is needed if a clash does not produce sparks, which could be determined by 
checking the absence of large pit marks left on post-clashing conductors.
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The fire risk model presented here recognizes that a different location on a different day 
offers a different degree of ignition risk. It can be used to indicate the ignition risk of an 
area beforehand or to analyze the probability of a fire caused by a clash.
7.2 General ignition probability model 
7.2.1 Concept of the calculations
The calculation concept of the general ignition probability model is illustrated in 
Figure 7.1(a). There are five essential parameters needed to assess the fire risk for a 
particular aluminium conductor clash:
(a) Calculation block diagram
(b) Three-dimensional definition 
Figure 7.1 Concept of fire prediction calculations
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(1) transmission line fault current;
(2) wind speed;
(3) the height of the transmission line;
(4) the temperature of the air;
(5) kind of fuel.
These five parameters are determined by a particular location and a given day.
The three-dimensional space definition in the calculations is shown in Figure 7.1(b).
7.2.2 Calculation procedures
Basic calculation procedures are outlined below (ref. Appendix C.4).
(1) Fault current can be obtained or estimated from grid structures and operation mode. 
Currents in the range of 300 to 3000 A rms have been used in the study of this thesis 
(Chapter 6).
(2) The amount of particles in a clash and their sizes and initial speeds are in certain 
distributions over a large range of fault currents (Chapter 6).
(3) With the Knowledge of the particle initial speed distribution, wind speed and the 
height of the conductors, where and when particles impact on the ground is computed.
(4) A particular kind of ground fuel under a given weather condition offers a certain 
degree of potential ignition risk (Rowntree 1991 [23]).
(5) Therefore, the fire ignition probability in terms of the distance away from the clashing 
spot in a particular location on a particular day can be predicted.
7.2.3 Independent consideration
A very important concept of ignition probability by a shower of droplets is that each droplet 
considered has a probability of igniting the ground fuel independently of any other droplets 
produced at the same clash. For two independent events Ej and E2, the probability of either 
or both of them happening (P (£ j U £ 2)) is related to their individual probabilities (P(E1), 
P(E2)) (Ostle 1988 [21]), shown in Equation (7.1).
P(El v E 2) = P(El) + P(E2) - P ( E 1) • P(E2). (7.1)
Based on the above union probability formula, the ignition probability of a shower of 
droplets in a clash is calculated by the following procedures:
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(1) calculate the number of droplets in each size range, n(DJ\
(2) get ignition probability of one droplet for a particular fuel, Pig(DJ\
(3) calculate the ignition probability of n(DJ droplets in each size range, Equation (7.2)
n(Z>.) (7.2)
(4) calculate the total ignition probability of a clash by computing the union ignition 
probabilities of all particle sizes
P
^ >ig-*(Di,D2) P ig_n{Dx) P ig_n(D2) P ig_n(Dx) * P  
ig_n{D\,D2,D2) ~  P ig_n(Dx,D2) P ig_n(D3) ~  P ig_n(Dx,D2)
ig-*(D 2)*
• P
r ig-*(D-i)y
P ig_n(D,,D2..... Du ,Dn ) ~  P ig_n(Dv D2......Du ) +  P ig_n(Dn ) P ig_n{D„D2......Dn ) * P ig_*(PYi
To take into account the droplet’s drop-location on the ground (x, y), a droplet with size 
Z), ejecting with a combination of velocity components of Vh, Vm has an ignition probability 
of
AP,i (x ,y ,D ,) = P,s(Dl) • PVt(V„)• • a), (7.4)
where PigiPt) = probability of fire ignition by D, sized particles;
Pvh(Vh) = probability of velocity component due to heat explosion valued at Vh\ 
Pvm(Y J  = probability of velocity component due to magnetic force valued at Vm; 
Pa(a) = one over the number of sample VA’s taken in global directions.
By integrating all the small ignition probabilities at every drop-location (x,y) on the ground 
and following the above four step procedures, the ignition probability distribution on the 
ground by one conductor clash can be obtained.
7.3 Sub-models
7.3.1 Material ejection from conductor clashing
Total number of visible particles in a clash, size distribution in terms of number which can 
be derived from the size distribution in terms of weight and initial ejection velocity 
distribution are considered in the following three sub sections.
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73.1.1 Material removed in a clash
The number of droplets ejected in a clash is not a simple function of fault current, as shown 
in Figure 7.2. Other factors, such as pre- and post-clash speeds and touch area, affect the 
material removal in a variable manner.
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Figure 72  Numbers of incandescent particles in clashes
The probability of the number of visible droplets, more than a given number in a single 
clash, is shown in Figure 7.3. This data involves observation of 55 clashes shown in 
Figure 7.2 but does not take non-sparking clashes into account. The number of droplets 
in a sparking clash has been observed to vary from a minimum of 10 to a maximum of 
125.
The ignition probability of a particle is considered independently of any other particles 
ejected from the same clash. Therefore a clash with more sparks has higher potential to 
ignite a fire.
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Figure 7.3 Cumulative percentage of visible droplets more than a given number in a
clash
7.3.1.2 Particle size distributions
The equivalent spherical particle size distribution in terms of weight was described in 
Section 6.5.2.4 (Figure 6.19, page 92). To carry out the ignition potential calculation of 
particles with a given size, the number of particles with that size must be known.
It was found in the experiments that the number of particles collected is much greater than 
the number of particles visible in the clashing scenario. Those small particles, which like 
powder, were often in the form of a "puff'. They had very short visible life time and were 
considered to have no ability to contribute to the ignition of a fire. Therefore, an 
approximation is made for calculation purposes that all incandescent particles, which do 
not become invisible immediately after ejection, are greater than 0.3 mm in diameter.
Based on the above approximation, the particle size distribution in terms of number can 
be derived from the size distribution in terms of weight. The mass of particles of size D, 
can be expressed in Equation (7.5), in which the total mass ejected in a clash, Mclashi is 
proportional to a fraction PJD J  from the spherical particle size distribution in terms of 
weight. The number of particles of that size is the quotient of m(DJ over one particle mass, 
Equation (7.6).
(7.5)
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nm
m (Dj)
p7tD3/6
Thus, the percentage of visible particles is calculated as Equation (7.7)
P*(Pi)
n(D,) 
N ’
(7.6)
(7.7)
12
where N = £  n (D,).
i = l
The visible particle size distribution in terms of number, or the probability of a particle 
with a given size, is shown in Figure 7.4.
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Figure 7.4 Size distribution o f visible particles 
73.1.3 Initial ejection velocity
Initial ejection velocities were generalised in Section 6.5.2.3 (Figure 6.17, page 89). Each 
particle was considered to have the same probability of initial velocity in the directions 
predominantly within the boundary of a cone shape. The ignition probability of a given 
sized particle with velocity components of Vh, Vm is the product of the probabilities, as 
expressed in Equation (7.4) (page 101).
Probability of a visible droplet’s size 
(size < 0.3 mm not taken into account)
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Providing the height where a clash happens and the wind speed is known, a particle with 
a set of parameters drops to a certain location and contributes the ignition potential of 
Pi¿Di,Vkym,a).
7.3.2 Fuel ignition 
7.3.2.1 Ignition analysis
The degree of ignition risk in a ground layer hazard situation is cumulative and dependent 
upon the properties and quantities of the ground layer, the oxidizing (or inhibiting) 
component, and the energy level of the source of ignition. For a given ground layer and 
surrounding situation, usually the terms of ignition temperature and minimum ignition 
energy are used to describe its potential fire hazard.
Ignition temperature is defined as: "minimum temperature required to ignite or cause 
self-sustained combustion independently of the heating or heated element" (Australia 
Standard 2430.2, 1986 [5]). The layer ignition temperature is defined as: "lowest 
temperature of a heated exposed surface at which a dust layer of 5 mm thickness ignites." 
The layer ignition temperature of different agricultural dusts is usually in the range of 
200°C to 400°C, while a few of the dusts can reach up to about 800°C.
Minimum ignition energy of a layer is the energy level the ignition source must have to 
be able to ignite the particular combustible layer. Minimum ignition energy is used for 
spark and impact. Both the ignition temperature and minimum ignition energy are 
combustible layers’ or dusts’ attributes expressed in different ways.
An electrical spark is not a constant heat source. Its temperature decreases while heating 
up the ground layer on impact. If an electrical spark has such a small size that its energy 
can be delivered immediately to a layer on impact, it may ignite the layer if it possesses 
an energy level equal to or more than the minimum ignition energy required for the ground 
layer.
There are two reasons why larger particles need higher energy level to ignite a fuel. 1) 
With increase .of its size, a larger droplet has lower temperature than that of a smaller 
droplet if both of them have the same energy level. 2) The heat energy within the larger 
droplet body takes time to be conducted to the surface. This is why the heat transfer from 
a larger droplet to the impact layer is slowed down. To ignite a ground layer, not only the 
total transferable energy of ignition source, but also the rate of the heat transfer (heat flux) 
should be taken into account. Heat needs to be accumulated to bring the fuel layer to the
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critical point of ignition. If containing the same level of heat energy, a larger particle has 
a lower heat flux to fuel layer because of the above mentioned two reasons. Therefore a 
larger droplet needs more energy than a small droplet to ignite a ground fuel layer.
A previous investigation can be used as an experimental verification of the above analysis. 
Figure 7.5 shows the test results of ignition for grass by aluminium droplets with controlled 
size and temperature done by SECV in 1977 [1]. One of three events occurred during any 
single test:
(1) the grass burst into flame;
(2) it smouldered;
(3) there was no ignition.
The whole domain of particle size and temperature is divided into three areas by the two 
curves in the figure. The tests with size and temperature combinations between the two 
curves had the above three events all possibly occurred. Below the curve named T^JfD) 
are the tests with no ignition. Above the other curve named Tcert(D) are the tests with 
definite ignition every time.
Figure 75 Ignition o f dry grass affected by temperature and size of aluminium
particles (SECV 1977 [1 ])
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Since the aluminium droplets in the tests were heated by an electric furnace, it is considered 
that the temperature was distributed uniformly in a droplet body. The energy of a droplet 
with known size D and temperature T can be determined by Equation (7.8)
npD3 (7.8)
E(D,T) = [ (6 6 0 -T0)CPt +Hf + (T - 660)Cp) ,
where Cp> = specific heat of solid aluminium,
CPi = specific heat of liquid aluminium,
Hf  = latent heat of fusion of aluminium,
T0 = temperature of surrounding air, as a reference.
Figure 1.6 shows threshold energy curve E ^ J D )  and certain-ignition energy curve EceJD )  
translated from the curve T ^ J D )  and TceJD )  respectively. Since there were 10 droplets 
with the same size tipped onto the grass bed in each test during the SECV’s investigation, 
the curve EceJD )  is the congregational effect of 10 droplets. For a given droplet size D, 
the ten droplets can definitely ignite dry grass if each droplet has energy more than Ecert(D), 
and can not ignite dry grass if each droplet has energy less than E ^ J D ).  If each droplet 
has energy in the gap between E ^ J D )  and EceJD), the droplets can possibly ignite dry 
grass.
If the 10 droplets were independent of each other and had equal ignition probability, a 40% 
probability for one droplet would cause 99.4% probability for 10 droplets. If 10 droplets 
dropped within a small area onto grass bed, they were not totally independent and would 
have a higher congregational probability, so that to achieve 100% for 10 droplets, one 
droplet needed less than 40% ignition probability. The threshold energy remained the 
same for independent ignition probability and reduced for the dependent case, which is 
very similar to the test situation. Therefore, in terms of ignition probability by one droplet, 
the curve E ^ J D )  in Figure 7.6 should be slightly higher and the curve Ecert(D) should be 
considerably higher.
The gap between curves E ^ J D )  and Ecert(D) would further increase if the number of tests 
was increased. In the SECV report, there were only 20 to 30 tests done near the curve 
E ^ J D ),  which may not be sufficient to delineate accurately the threshold limit of possible 
ignition. Similarly, there were another 20 to 30 tests done near the curve EceJD )  which 
again may not be sufficient to prove 100% ignition. However the trend of the two curves 
gives a helpful reference.
Electrical Sparks Produced From Aluminium Conductor Clashing
-  107 -
Chapter 7 Fire Ignition Prediction
Figure 7.6 Certain energy needed to definitely ignite dry grass, and threshold energy
needed to possibly ignite dry grass
The explanation of the energy gap within which a droplet may or may not ignite a ground 
fuel layer lies in probable non-uniform temperature distribution in droplet body and/or 
non-homogeneity of fuel material. Errors of particle-size and temperature measurement 
are other reasons.
For particles produced from conductor clashing, the temperature distribution within a 
particle body may not be uniform. A part of a particle surface, when reacting with air, 
may be hotter than inside the body. This effect may be not significant for small particles.
Which part of a fuel layer a particle dropped onto would cause a different ignition 
probability, determined by the degree of non-homogeneity of the fuel material. Also, the 
droplet may move around on the fuel bed to heat different parts of the fuel so that its 
ignition ability is reduced. Thus, there is a range of energies with which a droplet caused 
a fuel layer to smoulder or to enter the state of possible ignition/no-ignition.
Both the threshold energy and the certain-ignition energy, together with the gap between 
them, increases with increase of droplet size, since the effect of low heat-flux transfer and 
non-uniform particle temperature distribution becomes more and more significant.
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A verification experiment was conducted by using ZnO particles with controlled size and 
temperature to ignite fine hardwood. In the tests, the fine hardwood bed was 20-hour 
oven-dried, 20 mm in depth and placed 200 mm below the crucible where a ZnO particle 
was heated and tipped down. A ZnO particle of 670 mg was able to ignite the fine hardwood 
when its temperature reached 960°C, while a ZnO particle with 37,000 mg was able to 
directly ignite the same bed at 800°C level, as shown by the test results in Figure 7.7. These 
large "particles" were also capable of creating a micro-climate that produce a sufficient 
air circulation to fan a site brought to a smouldering condition into flame when their 
temperature was as low as 730°C. Self-extinguishing smouldering sites were observed for 
particle temperatures down to 670°C.
For particles of the size expected in conductor clashing, no ignitions were observed when 
the particle temperature was less than 880°C.
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Figure 7.7 Ignition o f fine hardwood by ZnO particles
1.3.22 Ignition probability of common layer
The study of ignition probability of several commonly available ground fuels in Australia 
by aluminium droplets was done by a previous researcher, Rowntree, in 1991 [23]. An 
analysis is given below, before using Rowntree’s fuel ignition probability results.
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In Rowntree’ s fuel ignition study, every 50 tests were done for a given ground fuel (48-hour 
oven-dried), and:
(1) large droplets were graded down to 2 mm size, especially for 2.2 mm wire tests;
(2) expelled aluminium mass per test was normalised to 50 mg;
(3) a constant threshold energy was assumed, below which a droplet of any size could 
not ignite a given fuel and a constant certain-ignition energy above which a droplet 
of any size could certainly ignite a given fuel;
(4) a droplet had a linear ignition probability distribution from 0% to 100% within the 
energy gap between the threshold energy and the certain-ignition energy;
(5) the ignition probability of a D sized droplet was calculated by using the droplet energy 
at its molten state (660°C);
(6) droplets were all treated to have ignition probability exclusive to each other;
(7) droplet shower fell to a small tray (165x195 mm) containing one of the bushland 
fuels.
Because the aluminium droplets were generated by a wire stroking a graphite electrode, 
the droplet size distribution was different, to some extent, from that generated from 
conductor clashing. Droplets were larger in the tests with thick aluminium wire (2.2 mm) 
than that with thin wire (1.2 mm). As said in above item (1), some droplets might be much 
larger than 2 mm but still graded to 2 mm. This would overestimate the ignition probability 
of a known size droplet when calculated from the experiment results of total ignition 
number out of 50-test groups. Together with other reasons (mainly caused by consideration 
in item (6)), two sets of ignition probability in terms of droplet size for a given fuel were 
obtained by Rowntree. To avoid the overestimate, only the ignition results derived from 
1.2 mm wire test groups in Rowntree’s work are selected and used in calculations in this 
thesis.
The above item (3) was not in agreement with the measurement in Section 7.3.2.1. 
However, it simplified the calculation of ignition probability. In the particle size range in 
question, which was from 0 up to around 2 mm, the two energy curves did not change 
sharply as they did in the larger size range. The two constant energy levels in (3) represented 
more likely the lowest Ethru and highest Ecert in the practical droplet size range. The item 
(4) was another convenient assumption in which two energy boundaries (energy levels for 
0% and 100% ignition probability) would be affected by the accuracy of the two energy 
levels in item (3).
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It has been suggested by previous researchers (Stokes 1990 [26] and Rowntree 1991 [23]) 
that burning aluminium droplets had a temperature around 2000°C. Re-calculations using 
the same method as Rowntree were undertaken by using the droplet energy at 2000#C, as 
well as at 1600°C and 2400°C, instead of at 660°C in item (5). The calculated ignition 
probabilities in terms of droplet size were almost the same, whatever the temperature was. 
But the two constant energy levels obtained in the calculations changed, especially the 
Ecert increased quite obviously with increase of droplet temperature.
The above item (6) may be not true. There was no such mechanism as: a droplet from a 
shower would disable another droplet’s ignition potential if the droplet caused a fuel 
ignition itself. In a low-ignition-probability situation, it might hardly be observed that a 
fire was caused by two or more droplets simultaneously. However, this did not mean that 
a fire happened to be ignited by two droplets at the same time, was not possible. For 
example, consider the case where the probability of two droplets igniting fuel together is 
1%, if their individual ignition probabilities are independent and both equal to 10%. 
However the total ignition probability of such particles is, from Equation (7.1) (page 100), 
19%. The fire ignition probability calculations in this thesis are all based on independent 
consideration.
In a high-ignition-probability situation, like the 2.2 mm wire tests [23] in which droplets 
were larger, there was a large difference between ignition results calculated under 
considerations of exclusive and independent to each other among droplets. For example, 
assume 49 or 50 fires are observed out of 50 tests, in which 4 large droplets of the same 
size impact on a fuel bed for each test. The result of each droplet’s ignition probability is 
near 25% if using exclusive consideration, while if using independent consideration, each 
droplet’s ignition probability is much higher, 62.4%, 82.2% or 100% corresponding to 
total ignition probability of 98%, 99.9% or 100%. This is an important reason why the 
ignition results from Rowntree’s 2.2 mm wire tests were not chosen to use in this thesis.
The aluminium droplets obtained in conductor clashing (Chapter 6) were in the range from 
0 to 2.05 mm. Thus, selection of Rowntree’s 1.2 mm wire testresults has practical meaning. 
The ignition probabilities of Pine needles, Blackbutt and Bluegum by a given size of 
aluminium droplets are plotted in Figure 7.8. Barley grass was easier to ignite than Pine 
needles. But no ignition result from 1.2 mm wire tests for Barley grass was available.
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Figure 7.8 Fuel ignition probability, results from (Rowntree, 1991)
Analysis of the 1.2 mm wire test data showed that, the ignition probability calculated using 
independent consideration (by the author) was up to 20% larger than that using exclusive 
consideration (by Rowntree). If one takes into account the effect of 50 mg droplets 
impacting on a small fuel bed, in which fires were easier ignited under such poor ventilation 
conditions, the number of fires out of 50 tests would be larger than that if the same amount 
of droplets fell onto a large fuel bed. In the real world, droplets do fall onto a large fuel 
bed; the bushland. In other words, the ignition probability of a droplet in bushland would 
be lower than the result derived from the tests if using the independent consideration. 
Therefore, using Rowntree’s fuel ignition results would have an error less than 20%. Of 
course, there were additional errors introduced by the fuel ignition experiment itself.
7.3.3 Particle life-times
The particle’s visible life time was obtained in Chapter 6. The upper line of the particle 
life time versus size is re-plotted in Figure 7.9, with the sieve size and the size used in 
calculation being indicated.
The temperature of red-heat is variously stated in the range of 600 to 900°C, depending 
on kinds of materials. The observation of the heated stainless showed that, (1) red could 
just be seen when temperature was at around 600°C; (2) red could be comfortably observed 
when temperature was in the range of 650°C to 750°C; (3) the stainless showed an orange
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Figure 7.9 Particle life time versus size in calculations, from Figure 620 (page 93)
colour when its temperature was at the level of 800° C; (4) uncomfortable bright colour 
was observed when the temperature was 900°C and up. Invisibility of an aluminium particle 
may indicate a temperature at least lower than 900°C.
The visible particle temperature is still hard to determine, though attempts have been made. 
The SECV reported that the particle temperature immediately after ejection was around 
1570°C. Rowntree [21 ] used a video pyrometer to measure the temperature of incandescent 
particles and reported that the typical highest temperature is in the range 2200°C±200°C.
The temperature distribution of all ejected particles, especially when particles are on impact 
with the ground layer, is desirable in order to asses the ignition probability. Due to lack 
of this data, ignition probability is derived from the previous experiments done by Rowntree 
[23], as described in Section 7.3.2.2.
If a particle ’ s flight time is longer than the particle ’ s visible life time, the ignition probability 
is considered negligible since the particle stops burning and its temperature drops down 
to a low point.
7.3.4 Other data
Wind is the major cause of conductor clashes. The sparking takes place immediately after 
the conductor clash. Wind also contributes to the flying trajectory of the particles. More
a □ □ □ □ Sieve size 
• • • • •  Sizej used in calculation
4 ?
1.45D + 1.13
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than 75% of wind speeds are in the range of 15 to 45 km/h, as suggested by previous 
research (Rowntree 1991) by considering data from the Climatic Averages Australia. [3]. 
This wind range corresponds to number 3 to number 6 of the Beaufort Scale, or from gentle 
breeze to strong breeze, with the highest occurrence in the vicinity of 30 km/h (fresh 
breeze).
Height of the clashing conductors is the most readily available parameter. Together with 
wind speed, it affects panicle flight time and ground location. Five meters above ground 
is quite typical.
Surrounding temperature and humidity of a given day certainly determines the extent of 
the fire risk of ground fuel. The fuel ignition data used in the following calculations are 
from the previous research (Rowntree 1991 [23]) under more severe conditions in which 
the fuel samples were oven dried for 48 hours at 95±5°C prior to the fuel ignition tests. It 
is possible to link the fuel ignition probability data, which serves as severe condition base, 
to the 'Tire danger index" used in forest fire danger control (Luke el 1986, [18]).
7.4 Calculations and results
7.4.1 Particles’ drop area on the ground
Probability of where a 2 mm diameter particle drops on the ground is shown in Figure 7.10 
(contour map) and Figure 7.11 (3-dimensional view).
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Particle size: 2 mm
Start height: 5 m 
Wind speed: 30 m/s 
in y direction
Drop contour: 
minimum: 0.01% 
interval: 0.01%
Figure 7.10 Probability distribution o f the ground position where a particle drops
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Figure 7.11 Three-dimensional view o f the probability distribution in Figure 7.10
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7.4.2 Ignition probability distribution
Sample results of the calculations are presented in this section, in which combination 
conditions are chosen as:
• fuel types are pine needles, blackbutt and bluegum, all commonly available in 
Australia;
• the number of droplets are 150,100,50 and 1, all could be possibly ejected from one 
aluminium conductor clash;
• wind velocities are 0, 10, 20 and 30 m/s in a horizontal direction and perpendicular 
to the transmission line;
• the height of clashing conductors is 5 meters above ground.
These sample results are grouped in the way to compare the effects of droplet number, 
wind and fuel kind.
There are two kinds of graphs showing the results. One is the ignition probability 
distribution or cumulative ignition probability in relation to the horizontal distances away 
from the clashing conductors. The axis for measuring the distances is perpendicular to 
the conductor line. Cumulative probability is the integration of probabilities at distances 
greater than a certain value. The other is the ignition probability distribution on 
two-dimensional ground. It is displayed in the form of a contour map.
7.4.2.1 Droplet number effect
The number of droplets affects quite obviously the total ignition probability, as shown in 
Figure 7.12 and Figure 7.13. The distribution shapes remain similar for different droplet 
number.
Under calm conditions, fire ignition probability (FIP) is distributed evenly on both sides 
of the transmission line. Under high wind conditions, the FIP close to the transmission 
lines is zero, which is represented by flat curves of cumulative FIP, shown in the above 
two figures.
7.4.2.2 Wind effect
Wind has no, or very little, effect on the total ignition probability. However, wind has a 
great effect on how far droplets may travel and therefore affecting the ignition distribution 
on ground, shown in Figure 7.14.
Electrical Sparks Produced From Aluminium Conductor Clashing
- 1 1 6 -
Chapter 7 Fire Ignition Prediction
-20 -10 0 10 20
y Em]
Figure 7.12 Cumulative ignition probability for Pine needles by different number of
droplets, no wind
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Figure 7.13 Cumulative ignition probability for Pine needles by different number of
droplets, 30 mis wind
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(a) Ignition probability distribution
(b) Cumulative ignition probability
Figure 7.14 Wind effect on ignition probability distribution for pine needles by 150 
droplets, as a function o f horizontal distance from clashing conductors
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The wind speeds chosen in the calculations were 0, 10, 20 and 30 m/s, or 0, 36, 72 and 
108 km/h, which corresponds to calm, fresh breeze, gale and hurricane, respectively.
7.4.2.3 Fuel effect
Among three kinds of fuels studied, pine needles are more dangerous than blackbutt and 
bluegum, shown in Figure 15 and Figure 16.
(a) Pine needles (b) Blackbutt
(d) Cumulative ignition probability
(c) Bluegum
Legend: 150 aluminium droplets ejected from 5 meters height 
No wind
Ignition contour map: minimum 0.02%, interval 0.02%
Figure 7.15 Ignition probability distribution on ground by 150 droplets, no wind
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(a) Pine needles
%
(c) Blue gum
Figure 7.16 Ignition probability distribution on ground by 150 droplets, 30 mis wind
Barley grass is not studied here due to lack of ignition probability data. Previous study 
showed that barley grass is easier than pine needles to be ignited by aluminium sparks.
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Legend: 150 aluminium droplets ejected from 5 meters height 
30 m/s wind in y direction
Ignition contour map: minimum 0.01%, interval 0.01%
Figure 7.16 Ignition probability distribution on ground by 150 droplets, 30 m/s wind
(continued)
7.4.3 Ignition probability as a function of the number of droplets
The probability of fire ignition by one aluminium droplet is quite low, less than 1%, as 
shown in Figure 7.17. But the congregation ignition probability, Pig(N), increases rapidly 
with the increase of droplet number in a clash, since each droplet is considered to have an 
independent ignition probability to the others, shown in Figure 7.18.
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(a) Ignition probability distribution
y [m]
(b) Cumulative ignition probability
Figure 7.17 Ignition probability by one aluminium droplet, 30 mis wind
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Figure 7.18 Ignition probability vs number o f aluminium droplets
7.4.4 Total ignition probability by a conductor clash
Although the ignition probability for pine needles by 150 droplets is as high as 62%, the 
chance of having 150 droplets in a valid clash, which is defined as a clash with a fault 
current (peak value) range from 300 to 6000 A and resulting droplets to be ejected, is very 
low, about 0.2%. So the risk of a fire ignited by a valid clash happening to eject about 
150 droplets (between 145 and 155) is 0.12%.
For a valid conductor clash, the possibility of producing a certain number of droplets, PNh 
is studied and re-grouped to 10-droplet intervals, shown in Figure 7.19. It can be seen that 
more than a third (about 38%) of valid clashes would produce 30 to 50 droplets.
The probability of a fire ignited by a valid clash which happened to generate a certain 
number of droplets equals the product of PNi and Pig(N). The following three figures show 
the fire ignition probabilities of Pine needles, Blackbutt and Bluegum by one aluminium 
conductor clash. Each probability bar in the figures is the product of PNi and Plg(N). The 
sum of these bars is therefore the FIP by a valid aluminium conductor clash happening 5 
meters above ground in a very-high-danger day. For pine needles, the ignition probability 
by a valid clash is 25.4%, blackbutt 7.8% and bluegum 3.6%.
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Figure 7 2 0  Pine-needle ignition probability by a clash
Electrical Sparks Produced From Aluminium Conductor Clashing
-  124 -
Chapter 7 Fire Ignition Prediction
a>
o>c
CO
HE o> 
T O E 3 
3  §
2  =
“ ■ zi f 2 ~  2- c -o 
^  c
>  1
O)
CO
Blackbutt
Total ignition probability = 7.8%
1-10 I 20-30 I 40-50 I 60-70 1 80-90 ' 101-110 M21-130 M41-150 
10-20 30-40 50-60 70-80 90-100 111-120 131-140
Number range of droplets
Figure 721 Blackbutt ignition probability by a clash
a>
d  4c03
—  <D
1  Ê 3I i
CL +~‘0)
I §■ 2.t i  2 - 
c  "O 
O) c
§ i
O)
<8
Bluegum
Total ignition probability = 3.6%
1-10 ' 20-30 1 40-50 1 60-70 1 80-90 ' 101-110' 121-1301 141-150 
10-20 30-40 50-60 70-80 90-100 111-120 131-140
Number range of droplets
Figure 722 Bluegum ignition probability by a clash
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7.5 Discussions
The calculation results show that the fire risk is not low if a ground layer is under the worst 
conditions. The most probable number of droplets produced by an aluminium conductor 
clashing is in the range of 20 to 60.
Restricted by its visible life, a droplet is considered to have no potential to ignite a bushfire 
if it flies through the air more than about 4 seconds. Under the 30 m/s wind (storm to 
hurricane) in the direction perpendicular to the conductors, the most dangerous area is at 
14 to 60 meters horizontal distance away from the conductor line.
It should be pointed out that the confidence level of results obtained and certain assumptions 
made could have led to overestimation of fire ignition risk.
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Chapter 8
Conclusions and Discussions
8.1 Conclusions
Conclusions in the thesis are brought together in this section. They deliver a general picture 
of what has been achieved.
8.1.1 Aluminium particle ejecting mechanism
A particle ejection mechanism has been investigated in this thesis (Chapters 3, 4 and 5). 
The amount of aluminium material removal from arcing electrodes was found to be in 
relation to the arc current and the arcing gap.
On the anode of the mechanism, the arc current and the gap determined the current density 
flowing through the arc attachment to the anode electrode. High arc current and small gap 
would cause high current density. The current density was responsible for the energy 
transfer to the anode electrode. When the energy transfer to the anode was fast enough, 
which corresponded to the arc current being higher than a threshold for a given gap distance, 
the energy accumulated to a critical situation, in which the electrode material was in 
readiness to be removed, and higher energy would eject some electrode material.
The amount of material removed from the cathode was found experimentally to be about 
1.5 times that removed from the anode.
The directions of particle ejection were found to be affected by the self-magnetic forces 
in addition to the heat-explosion forces. The site sparking between a pair of parallel 
aluminium conductors was a cone shape, occasionally an inverted-cone shape.
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8.1.2 Aluminium conductor clashing
• Particle size distribution
In terms of weight, 3% of ejected aluminium material was sized greater than 2 mm 
equivalent spherical diameter. Droplets were elongated when current was high. In terms 
of the number of visible droplets, only less than 0.1% of droplets was larger than 2 mm 
equivalent spherical diameter. In terms of the number of collected droplets, a much lower 
percentage of droplets would be larger than 2 mm. The number of droplets in the range 
between 0 to 0.3 mm was relatively large, at the level of occupying more than half of the 
total droplets number.
• Material removal in a clash
The number of visible aluminium droplets ejected in a conductor-clash with current in the 
range between 300 A to 6000 A varied from none to the level of 150. This variation of 
number was due mainly to the varied phase angle at which a short circuit started, as well 
as other mechanical reasons which possibly affected the arcing, pre- and post-clash speeds. 
Clashes at high-current level did not necessarily produce a large number of visible droplets, 
since the conductors were separated much faster. More than half (62%) of valid clashes 
produced 20 to 60 visible droplets.
• Conductor damage checking
The observation of the conductor damage after clashing showed that, to some extent, the 
pit marks left on the conductors could serve as an evidence of whether significant sized 
particles have been ejected. This post-clashing check cannot determine the ignition 
probability if larger pit marks (larger than 2 mm circle diameter or deeper than 0.5 mm) 
are found on the conductors. However, the post-clashing check does rule out ignition 
possibility when no pit mark or only small pit marks are found on the conductors.
• Visible particle life time
The visible time of aluminium particles ejected from conductor clashing was up to about 
4 seconds. The ignition probability was considered to be zero if the particles became 
in-visible, since their temperature was decreased down to the level of much lower than 
900°C.
• Particle trajectory
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Particle trajectory measurements were found to matched the theoretical trajectory 
calculations. The particles starting from 5 meters height under no-wind condition would 
reach the ground in an area, which ranged from 0 (right under clashing spot) to 25 meters 
(in the direction from power sender to receiver along conductors) under the pair of 
conductors, and from -10 to 10 meters away from conductors on the two sides. Under a 
horizontal 30 m/s wind horizontally blowing to one side of conductors, particles would 
reach 70 meters away from conductors in the down wind direction.
8.1.3 Prediction of fire ignition
The prediction or analysis of fire risk for a particular clash presented in the thesis gives 
an idea of how to judge case by case the fire ignition probability. Under extremely 
dangerous conditions and some overestimate considerations, the fire ignition probability 
by a valid clash was 25.4% for pine needles, 7.8% for blackbutt and 3.6% for bluegum.
8.2 Discussions
Discussions are offered to highlight uncertainties and assumptions which affected the 
accuracy in the study. Future research directions and some suggestions of avoiding 
conductor clashing are presented.
8.2.1 Future research directions
To improve the accuracy of the fire risk prediction and to understand more about the 
electrical sparks, future research in this area is suggested as below. Some of them may 
need dedicated and expensive experimental arrangement, or even need advanced 
technology to emerge. Some may need considerable routine work.
• Measurement of droplet temperature history;
• Fuel ignition tests by particles with adequate temperature and size range;
• More detailed clashing test data analysis;
• 3-diamensional heat transfer calculations.
8.2.2 Fire ignition assessment model
Some considerations which possibly overestimated the ignition risk in the fire ignition 
prediction model are summarised below:
• minimum size of visible droplets assumed to be 0.3 mm;
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• visible droplet life time;
• time of droplets impacting on fuel bed.
If work could be done in the future to minimise these overestimates, the fire ignition 
assessment model could improve its accuracy. Therefore, the model may be put into 
practice, in conjunction with a 'Tire danger index", to predict the ignition risk and/or assist 
to prevent fires.
8.2.3 Reduce the fire ignition risk
The thesis studied the electrical sparks produced from aluminium conductor clashing and 
their ignition probability. The conclusions were that, not only could electrical sparks not 
be ruled out as possible fire ignition sources, but also under extreme conditions (weather, 
ground fuel layer, high fault current level), fire ignition probability by sparks was 
considerably high.
Some means of reducing the fire ignition risk by these electrical sparks are presented below. 
They are out of the scope of this thesis and may not be easily achievable and need to take 
other facts into considerations.
• Stop power transmission under high fire danger situations;
• Avoid conductor clashing;
• Eliminate any fuel layer within a certain area under transmission and distribution 
lines.
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Appendix A
Properties and Constants
Table A .l lists the properties of aluminium used in the various calculations carried out in 
the thesis. Table A.2 lists the properties of air, Table A.3 lists constants. Most of the 
values are from "CRC Handbooks Chemistry and Physics", 64th Edition 1983-1984 (Weast 
1985 [31]) and some are from "Heat and Mass Transfer" (White 1988 [32]). Table A.4 
lists the composition of the aluminium materials used (ref. "Metals Handbook", Desk 
Edition (Boyer 1985 [8])).
Property o f alum inium V alue and units
M elting point 660 fC ]
Boiling point 2467 [*C]
Density, p 2698 [kg-m'3]
Specific heat, Cp 900 [J-kg '^K 1], at 25*C 
1088 [J-kg'^K*1], at 2000K
Latent heat o f fusion, H, 3.97-103 [J-kg1]
Therm al conductivity, k 237 [W -nri-K 1] a t 25#C 
99 [W n r i-K 1] a t 1200K
W ork function, (p 4.2 [V]
Em issivity, 0.3
0tAl2O 3, melting point 2072 [*C]
Table A .l Properties o f aluminium
Property o f  air Value and units
Density, p,
Therm al conductivity, k ^  
Overall heat-transfer coefficient 
K inem atic viscosity, v
1.204 [kg m 3] a t 20*C 
2.56-10"2 [W-m ' K 1] 
5 [W -m '^K 1]
1.653 10 s [m V ]
Table A 2  Properties o f air
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C onstants Value and units
Stefan-Boltzman constant, a  
Permeability of vacuum,
5.6710-* [W -m ^K 1] 
47cxl0'7
Table A 3  Constants
Percentage
Alum inium A lum inium
Elem ent Conductor Rod
(AA1350) (AA5356)
A1 99.5 (min) 93.50
Si 0.10 0.25
Fe 0.40 0.40
Cu 0.05 0.10
Mn 0.01 0.05-0.20
Cr 0.01 0.05-0.20
Zi 0.05 0.10
Ti 0.05 0.60
Mg - 4.50-5.50
B 0.05 0.10
Ga 0.03 0.05
Table A A Composition of aluminium conductor and rod, from Boyer [8]
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Appendix B
Material Removal Calculation
The flow chart of theoretical calculation o f electrode material removal (Chapter 4) is shown 
in Figure B.l .
Read in data
£
Gap distance d
Choose c 
in J=Cjla
Current I peak
Increase dt
l = lpeakSin(wt)
- »  t
arcing tip surface
1) arc attachment
2) outside
3) most outside
electrode body 
1 ) body
2) most outside
Cumulative 
molten material
i
Constants:
Heat transfer
Electricity
Gravity
Temperature
Dimenaion of rod
Increasement
dr, dz, dt
Melting material
a) partly molten
b) molten 
(marked)
output:
m = f ( I  peak»d)
Output: a, c=f(d), m =f(lpeaJld) 
and T=f(r,z,t) for given I and d
Figure B .l Flow chart of material removal calculation
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Appendix C
Fire Ignition Prediction Calculation
The experimental results used in the fire ignition prediction calculation (Chapter 7) are 
tabulated in this appendix. Other data in the calculation, like particle initial velocity 
distribution (generalised and then assumed, Figure 6.17 on page 89)) and particle life 
(upper marginal line, Figure 7.9 on page 113) are not shown since they could be expressed 
by formula. The calculation flow chart of fire ignition probability (FIP) is shown in 
Figure C .l.
C .l Aluminium particle size distribution
Aluminium particles were collected from the aluminium conductor clashing tests done on 
May 7 1992 at Testing and Certification, Australia. In the tests, particles were collected 
by a tray filled with nitrogen gas and lined with cardboard to avoid particle breaking. 
Particles collected in each of six current-level test groups were then separated by Standard 
Test Sieves and weighted. It has been noted that many particles were elongated. The 
distributions of the mass in a given range of size occupying the total mass in a test group 
are shown in Table C.l (ref. Figure 6.3 on page 69).
Size D e 
[m m ]
300A
level
500A
level
700A
level
1000A
level
1800A
level
3000A
level
0 .000-0 .300 1.46% 1.81% 4.88% 9.00% 7.74% 14.38%
0.300-0 .355 1.46% 1.81% 3.87% 6.00% 7.08% 8.89%
0.355-0 .425 2.19% 2.85% 4.88% 6.88% 8.01% 10.98%
0.425 -0 .500 8.03% 14.25% 17.51% 23.88% 25.77% 25.88%
0.500 -0 .600 2.92% 3.63% 4.04% 4.00% 5.21% 3.53%
0.600-0 .710 11.68% 16.58% 15.82% 16.50% 16.42% 13.73%
0.710-0 .850 16.06% 17.62% 15.99% 10.88% 12.55% 9.41%
0.850 -1 .000 19.71% 15.80% 14.14% 11.63% 8.95% 6.67%
1.000-1 .180 18.25% 14.51% 7.91% 7.25% 5.61% 5.10%
1.180-1 .400 15.33% 9.07% 6.06% 3.13% 1.74% 0.92%
1.400-1 .700 2.92% 2.07% 2.86% 0.00% 0.93% 0.52%
1.700-2 .000 0.00% 0.00% 2.02% 0.88% 0.00% 0.00%
Table C.l Size distribution of collected (elongated) aluminium particles in terms of
weight
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The elongated particle equivalent spherical diameters (D) were obtained by calculations 
based on the observation of the particle elongation (LIDe) in conjunction with the initial 
ejection velocities. The results are shown in Table C.2 for the average of all current-level 
test groups (ref. Figure 6.19 on page 92).
Size o f  
De or D 
[m m ]
C ollected
particle
P d*
C alcu lated
particle
P d
0 .000-0 .300 8.10% 7.87%
0.300-0 .355 5.86% 0.51%
0.355-0 .425 7.05% 1.78%
0.425-0 .500 21.92% 4.73%
0.500-0 .600 4.08% 9.55%
0.600-0 .710 15.56% 11.40%
0.710-0 .850 12.77% 12.80%
0.850-1 .000 11.16% 11.77%
1.000-1.180 7.78% 10.96%
1.180-1.400 3.99% 11.27%
1.400-1.700 1.17% 9.27%
1.700-2.000 0.55% 4.44%
2.000-2 .360 0.00% 2.09%
Table C.2 Size distribution o f collected (elongated) and calculated (spherical) 
aluminium particles in terms o f weight
Small aluminium particles had very short life after ejection. They were not counted into 
the number of incandescent droplets in conductor clashing tests. However, there was 
difficulty in determining exacdy the critical size less than which the particles were regarded 
as in-visible droplets. An assumption was therefore made, based on an estimate of the test 
scenario: that the critical size was 0.3 mm. The size distribution of visible droplets in 
terms of number was then calculated, Table C.3 (ref. Figure 7.4 on page 104).
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S iz e  D 
[m m ]
% o f  V is ib le  
d r o p le ts
0 .0 0 0 -0 .3 0 0 0.00%
0 .3 0 0 -0 .3 5 5 5.86%
0 .3 5 5 -0 .4 2 5 12.02%
0 .4 2 5 -0 .5 0 0 19.18%
0 .5 0 0 -0 .6 0 0 23 .02%
0 .6 0 0 -0 .7 1 0 16.27%
0 .7 1 0 -0 .8 5 0 10.81%
0 .8 5 0 -1 .0 0 0 5.97%
1 .0 0 0 -1 .1 8 0 3.39%
1 .1 8 0 -1 .4 0 0 2.11%
1 .4 0 0 -1 .7 0 0 1.00%
1 .7 0 0 -2 .0 0 0 0.28%
2 .0 0 0 -2 .3 6 0 0.08%
Table C.3 Size distribution of visible aluminium particles in terms of number
This assumption may overestimate the distribution of large-sized aluminium droplets and 
consequentially overestimate the whole fire ignition probability. If the smaller particles 
(less than 0.3 mm in diameter) are taken into account, the number of total visible droplets 
in a clash would be substantially increased, probably doubled, which in turn, would halve 
the distributions of any large droplets and consequentially the whole fire ignition 
probability would be nearly halved.
C.2 Aluminium droplets removal in a conductor clash
The number of visible droplets ejected in each of 55 valid aluminium conductor clashes 
was counted. Those particles which disappeared (became in-visible) immediately after 
ejection were not counted. The currents involved in the clashing tests were at levels from 
300 A to 3000 A (rms). The percentages of droplet numbers in a given range are tabulated 
in Table C.4 (ref. Figure 7.19 on page 124).
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D roplets
n u m b er
P ro b ab ility
%
0 - 1 0 3.52%
1 1 -2 0 8.76%
2 1 - 3 0 12.28%
3 1 - 4 0 19.30%
4 1 - 5 0 19.30%
5 1 - 6 0 11.77%
6 1 - 7 0 9.28%
7 1 - 8 0 5.26%
8 1 - 9 0 3.75%
9 1 -1 0 0 2.26%
101 -1 1 0 1.75%
1 1 1 -1 2 0 1.10%
121 -1 3 0 0.87%
131 -1 4 0 0.60%
141 - 150 0.20%
Table C.4 Probability of a valid conductor clash to produce a given number of visible
aluminium droplets
C.3 Fire ignition probabilities of fuels
The fire ignition probabilities (FIP) of Pine Needles, Blackbutt and Bluegum were obtained 
by Rowntree. The aluminium droplets were expelled from a 64-A DC-arc between a 1.2 
mm aluminium TIG welding wire cathode and a graphite anode (Rowntree 1991 [23]). 
The results are reproduced in Table C.5 (ref. Figure 7.8 on page 112).
D rop le t size 
[m m ]
Pine N eedles 
F IP %
B lackbu tt
F IP %
B luegum
F IP %
0.495 0.0% 0.0% 0.0%
0.589 0.2% 0.0% 0.0%
0.701 0.5% 0.0% 0.0%
0.833 1.1% 0.0% 0.0%
0.991 2.1% 0.3% 0.1%
1.168 3.7% 1.3% 0.6%
1.397 6.5% 3.2% 1.5%
1.651 10.9% 6.2% 2.8%
1.981 19.2% 11.7% 5.2%
Table C 5  Fire ignition probabilities of fuels by a given sized aluminium droplet, from
Rowntree 1991 [23]
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C.4 Calculation flow chart of FIP prediction
Figure C.l Flow chart of FIP prediction calculation
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